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ABSTRACT

Author: Zhang, Fengrui. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Digestibility of Calcium in Feed Ingredients and Digestible Calcium Requirements for Pigs
Committee Chair: Layi Adeola
The objective of this research was to compare different expressions for the digestibility of
Ca in both pigs and chickens, and to determine the true total tract digestible (TTTD) Ca
requirement for 10- to 20-kg and 20- to 40-kg pigs.
In the first study, two experiments were conducted to compare apparent ileal digestibility
(AID) and apparent total tract digestibility (ATTD) of Ca in pigs. In Exp. 1, three semi-purified
diets with soybean meal, canola meal or sunflower meal as the sole source of Ca were
formulated. Eighteen cannulated pigs (initial BW = 66 ± 5 kg) were assigned in a randomized
complete block design to 3 treatments and 6 replicates per treatment. Results indicated that for
either Ca or P, the ATTD was not different from AID in three diets. In Exp. 2, diets with four Ca
concentrations were formulated with calcium carbonate as the Ca source. Sixteen cannulated
pigs (initial BW = 73 ± 4 kg) were assigned in a randomized complete block design to 4
treatments in 2 experimental periods. The results indicated that the ATTD of Ca was not
different from AID for all diets, and the Ca digestibility was not affected by the dietary Ca
concentration. The results of these two experiments indicated that both AID and ATTD can be
used to describe the digestibility of Ca for growing-finishing pigs. Total tract digestibility was
used to express digestibility of Ca in later studies.
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A second series of studies was conducted to decide whether ATTD or TTTD should be
used to estimate Ca digestibility of limestone and dicalcium phosphate (DCP). Two pig
experiments were conducted to determine the ATTD and TTTD of limestone and DCP, and their
additivity in a semi-purified diet for pigs. In Exp. 1, forty eight barrows with an average initial
BW of 19.2 ± 1.1 kg were assigned to 1 of 6 dietary treatments in a 2 × 3 factorial arrangement
of two Ca sources, including limestone or DCP, with three dietary Ca concentrations each. Diets
were fed for a 5-d adjustment period followed by a total collection period of 5 d. The results
indicated that the increased dietary Ca concentration linearly increased Ca intake, digested and
retained, but did not affect the ATTD of Ca when using limestone and DCP as Ca sources. In
Exp. 2, seventy-two barrows with an average initial BW of 20.8 ± 1.3 kg were used to test the
additivity of TTTD for Ca in limestone and dicalcium phosphate (DCP) in pigs. All pigs were
assigned to 1 of 9 dietary treatments in a 3 × 3 factorial arrangement of three Ca sources,
including limestone, DCP, or a mixed diet at a ratio of 1:1; and three dietary Ca concentrations.
Feeding and sample collection procedures were as in Exp. 1. The results indicated that the
average ATTD were 66.46, 70.34, and 69.32% for limestone, DCP, and their mixed diet,
respectively. By regressing daily digested Ca against daily Ca intake, the TTTD of Ca was
determined at 70.06, 76.42, and 73.72% for limestone, DCP, and their mixed diet, respectively.
The endogenous losses of was estimated to be between 0.217 to 0.321 g/kg DM intake. The
predicted TTTD for Ca in the mixed diet of limestone and DCP was calculated to be 72.67%
based upon the Ca contribution coefficient of 0.59 for limestone and 0.41 for DCP. The predicted
Ca TTTD (72.67%) in the mixed diet was not statistically different from the determined Ca
TTTD (73.72%). It is concluded that although ATTD of limestone and DCP were not affected by
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the Ca concentration in the diet, TTTD is recommended for evaluation of Ca digestibility
because of its additivity in a mixed diet.
A similar additivity experiment was conducted on Ross 708 broiler chickens from d 22 to
d 27 post hatch, using true ileal digestibility (TID) for Ca in limestone and dicalcium phosphate
(DCP). The birds were fed a standard broiler starter diet from d 1 to 11 post hatching. A total of
504 birds were grouped in a 3 × 3 factorial arrangement of 3 Ca sources including limestone,
DCP, and their mixed diet at a ratio of 1:1, and 3 dietary Ca concentration at 3.3, 4.3, and 5.3
g/kg. The results showed that by regressing digested Ca per bird against Ca intake per bird, the
TID of Ca was determined at 63.73, 67.14, and 67.79% for limestone, DCP, and the mixed diet,
respectively. The estimated ileal endogenous losses of Ca ranged from 0.19 to 0.26 g/kg DMI in
broilers chickens The expected TID for Ca in the limestone and DCP mixed diet was predicted to
be 65.13% based upon the Ca contribution coefficient calculated to be 0.59 for limestone and
0.41 for DCP. The predicted TID of Ca (65.13%) in the mixed diet was not statistically different
from the determined TID of Ca (67.79%). In conclusion, the TID of Ca in limestone and DCP
are additive in semi-purified diets for broiler chickens.
Based on the results from previous studies, TTTD was used to express the Ca
requirement for pigs. Two experiments were conducted to determine the true digestible Ca
requirement of 10- to 20-kg and 20- to 40-kg pigs by quadratic analysis of growth performance
data using 6 true digestible Ca levels, respectively. In each experiment, 144 barrows and gilts
were fed the experimental diets for 3 weeks. Six levels of limestone were added to a cornsoybean meal based diet to establish 6 levels of true total tract digestible Ca in Exp. 1 and Exp. 2,
respectively. In Exp. 1, the results showed that with the increase of dietary Ca concentration,
there was a trend that overall ADG was quadratically improved. There were no effects of dietary
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Ca concentration on other measurements. The true digestible Ca requirement was estimated to be
4.72 g/kg of diet for pigs of mixed sex using quadratic analysis of ADG for wk 0 to 3 against 6
digestible Ca levels. In Exp. 2, final body weight was linearly increased as the graded increment
of Ca concentration. The ADG and G:F in wk 0 to 3 was increased both linearly and
quadratically. In conclusion, the true total tract digestible Ca requirement was 4.72 g/kg of diet
for 10- to 20-kg pigs, and a mean value of 4.08 g/kg of diet for 20- to 40-kg pigs.
It is concluded that ileal or total tract digestibility values can be used to estimate
digestibility of Ca. And total tract digestibility was used to determine values of digestibility of
Ca for pigs in current research. Endogenous losses of Ca were estimated for both pigs and
chickens. Because Ca is lost from the gastrointestinal tract, there is a risk to use apparent
digestibility values of Ca, due to the potential influence from Ca levels. By correcting
endogenous losses of Ca, true digestibility has been shown to be more additive than, and is
recommended for expressing Ca digestibility. Hence, values for true digestibility of Ca in feed
ingredients should be determined and used for diet formulation to increase the utilization of both
Ca and P.

1

LITERATURE REVIEW

1.1

Introduction

Calcium (Ca) and phosphorus (P) are the most abundant minerals in animals. Both Ca and P
are fundamental building elements for bone tissues, and have essential physiological functions in
the body, including protein synthesis, components of cell membranes, muscle contraction, nerve
impulses, and so on (Crenshaw, 2001). The overall concentrations of Ca and P are about 0.75 and
0.48% of empty BW (Hendriks and Moughan, 1993), with approximately 96 to 99% of Ca and 60
to 80% of P deposited in bone (Crenshaw, 2001). Nimmo et al. (1981) reported that serum Ca
concentration linearly increased from 10.47 to 10.82 mg/100ml for growing gilts from wk 0 to 18
post-weaning. However, no linear effect was observed for serum P with an average at 8.22
mg/100ml. Although Ca and P in soft tissues and fluids account for a small proportion, the
requirements for soft tissue growth and balance of fluids have higher priority over requirements
for skeletal tissue growth (Brown, 2001). The bones work as a Ca and P pool to continuously
deposit or reabsorb Ca and P to maintain a dynamic balance. Signs of animals fed Ca deficient
diets are not very obvious unless fed for prolonged periods and are similar to vitamin D deficiency,
including rickets, spontaneous fractures, lameness, and paralysis. Feeding diets with high Ca
concentration can result in excess absorption of Ca that will either be deposited in skeletal tissues
or excreted in the urine. In chickens, deficiency of Ca will lead to rickets, and poor growth
performance (Long et al., 1984).
Unlike other nutrients, limited dietary Ca is available from plant feedstuffs, and the majority
of dietary Ca is supplemented from inexpensive inorganic sources (Guéguen and Pointillart, 2000;
Malde et al., 2010). Because of the low cost of Ca in the diet, Ca bioavailability research has not
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received enough attention. Limited information about Ca digestibility from Ca sources has limited
the formulation of diets on digestible Ca basis, but on total Ca basis (NRC, 2012). Besides,
formulating the diet on the total Ca basis need a greater safety margin (Fernández et al., 1999), in
order to compensate for differences in Ca availability among Ca sources. Hence, in practice, the
oversupply of Ca rather than deficiencies is usually the problem (Dobenecker, 2002). However,
previous studies have shown that high dietary Ca concentration can inhibit P and other minerals
bioavailability, phytase activity, (Reinhart and Mahan, 1986; Brady et al., 2002; Dobenecker, 2002;
Selle et al., 2009; Stein et al., 2011; Schlegel and Gutzwiller, 2016), and reduce the G:F in growing
pigs (González-Vega et al., 2016a). To avoid the negative effects mentioned above, numerous
studies have been conducted to estimate Ca digestibility in feed ingredients, making it possible to
move towards estimating digestible Ca requirements, and the optimal digestible Ca to digestible P
ratio (González-Vega et al., 2016a; González-Vega et al., 2016b; Merriman, et al., 2016a).
Calcium can be absorbed through 2 mechanisms: paracellular and transcellular throughout
the intestinal tract (Pansu et al., 1983; Liu et al., 2000). To estimate Ca availability, the first
question about Ca digestibility is whether ileal digestibility or total tract digestibility will give a
better estimation, which determines whether to collect ileal digesta by fitting a cannula into the
distal ileum or collect fecal samples. In addition, because different digestibility expressions can be
applied to estimate nutrient bioavailability, including apparent, standardized, and true digestibility,
experiments should be conducted to compare these expressions for Ca digestibility.
Hence, the objective of the studies in this dissertation was to compare apparent ileal and total
tract digestibility of calcium in different calcium sources for pigs, and compare the apparent total
tract digestibility and true total tract digestibility (TTTD). Then, determine the true digestible Ca
requirements for 10 to 20 and 20 to 40 kg pigs..

3
1.2

Calcium

Calcium, as the fifth most abundant element in the earth’s crust (Schmitt et al., 2001), is also
an essential component in animals and plants. In swine and poultry diets, Ca is classified as a
macromineral, due to the high requirement in the diet (> 100 ppm; NRC, 2012).
1.2.1

Calcium sources in feed

Calcium in animal diets mainly consist organic and inorganic sources. Organic sources further
may be from plant and animal origin. In animal diets, the majority of Ca originates from inorganic
sources. A limited amount of Ca is contributed from cereal plants due to low Ca contents. Animal
origin feedstuffs contain more Ca than plant origin, but usually still less than the inorganic sources
of Ca (González-Vega and Stein, 2014). The concentration of Ca and P in inorganic sources and
organic sources are listed in Table 1-1. The concentrations of Ca in inorganic sources, plant origin,
and animal origin range from 16.9 to 38.5%, 0.01 to 0.72%, and 0.63 to 9.7%, respectively. The
commonly used inorganic Ca source includes calcium carbonate, limestone, and calcium
phosphate. Calcium carbonate is usually used as a standard ingredient to estimate Ca
bioavailability for other inorganic Ca sources (Ross et al., 1984). Previous results showed that
calcitic limestone has a similar Ca availability compared with calcium carbonate (Ross et al., 1984;
González-Vega et al., 2015b), and lower digestibility than calcium phosphate (González-Vega et
al., 2015b). Dolomitic limestone is basically comprised of approximately 50% calcium carbonate
and 30% magnesium carbonate (Robinson, 1980). Compared with calcitic limestone, dolomitic
limestone has a lower Ca bioavailability. Previous studies showed that the high concentration of
magnesium (Mg) could inhibit the Ca and P absorption by forming an insoluble complex with
calcium and phosphate (Boskey and Posner, 1974), as well as competing with a common transport
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mechanism with Ca (Ross et al., 1984). Hence the high concentration of Mg in dolomitic limestone
could lower available Ca for pigs. The common calcium phosphate used in animal feeds are
monocalcium phosphate, dicalcium phosphate, and tricalcium phosphate, which are produced by
direct reaction between phosphoric acid and Ca-containing materials (Baker, 1989). The reactions
are stopped at different stages depending on the product of purpose. Therefore, the final products
are a blend of different calcium phosphates, unreacted calcium carbonate, and P compounds
(Gonzalez-Vega et al., 2015b), which may affect the concentration of both Ca and P, as well as
the availability.
1.2.2

Absorption of calcium

The small intestine is the major site for Ca absorption (Partridge, 1978; Pansu et al., 1983).
However, some authors indicated that Ca absorption may also occur in the large intestine when
unabsorbed Ca reaches the large intestine after a high Ca intake (Bronner and Pansu, 1999; Liu et
al., 2000).
Calcium solubility is a prerequisite for Ca absorption (Bo-Linn et al., 1984), which means Ca
needs to be released from Ca-contains compounds in an ionic form. For example, calcium salts
that are not water insoluble, and must be solubilized before absorption. Because the solubilizing
process is highly pH-dependent, gastric acid may play an essential role in Ca absorption. However,
Bo-Linn et al. (1984) reported that when gastric acids were inhibited, a considerable amount of Ca
from calcium carbonate was still absorbed, indicating that calcium carbonate may still be
solubilized in the absence of gastric acid. The pH of the proximal small intestine, middle small
intestine, and distal small intestine were reported to be 6.2, 6.4, and 6.6 respectively (Merchant et
al., 2011). It is possible that the acid secretion by the mucosal cells of the proximal small intestine
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can still solubilize the calcium carbonate, which was shown by a vitro study that calcium carbonate
could dissolve in a solution at pH 6 (Bo-Linn et al., 1984).
It is generally accepted that Ca is absorbed by both an active transcellular and a passive
paracellular mechanisms. These two mechanisms have been discussed earlier (Allen, 1982;
Bronner and Pansu, 1999). Active transcellular refers to an energy and vitamin D dependent
process, which mainly exists in the upper duodenum (Pansu et al., 1983). The duodenum has the
highest active transcellular efficiency, but the majority of Ca is absorbed in the jejunum, because
of the total length (Birge et al., 1969). Active transcellular is a saturable process that involves
mainly three steps, including entry across the brush border, diffusion across cell interior, and the
Ca extrusion from the basolateral membrane of the cell into extracellular fluid (Figure 1-1;
Christakos et al., 2014). Recent studies reported that entry across the luminal brush border
membrane involves TRPV subfamily, including TRPV5 and TRPV6 (den Dekker et al., 2003;
Peng et al., 2003). Both TRPV5 and TRPV6 are expressed in Ca transporting epithelia in kidney
and intestine, with TRPV5 mainly expressed in the kidney and regulate rental Ca reabsorption and
TRPV6 mainly expressed in the intestine and regulate Ca absorption (Peng et al., 2003). They are
induced under low Ca conditions in the presence of 1,25-dihydroxyvitamin D [1,25(OH)2 D]
(Song et al., 2003). Once Ca goes across the brush border membrane, Ca binding proteins,
calbindins (D28k) will facilitate intracellular Ca diffusion (Feher et al., 1992). Previous studies
have reported that increased expression of calbindin boosted the efficiency of intracellular Ca
transport (Feher et al., 1992). Similarly to TRPV6, the expression of calbindin is a 1,25(OH)2Ddependent process under low Ca intake, and acts as a rate limiting step in the Ca absorption process
(Van Cromphaut et al., 2001). Because of lower intracellular Ca concentrations compared with
that in plasma, the extrusion of Ca from the basolateral membrane is processed against the
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electrochemical gradient by the intestinal plasma membrane ATPase (PMCA1b) in the cost of
energy (Bronner and Pansu, 1999). The channel PMCA1b is also induced under conditions of low
dietary calcium in the presence of 1,25(OH)2D3 (Cai et al., 1993), but does not appear to be rate
limiting (Bronner et al., 1986).
Besides transcellular transport, passive paracellular Ca transport also plays an important role
in Ca absorption. Passive paracellular Ca transport is driven by a transepithelial chemical and
physical gradient, where Ca is absorbed through intercellular tight junctions from the intestine in
a non-saturable diffusion process (Christakos et al., 2014). Hence, during high Ca intake, passive
paracellular Ca transport down the gradient contributed to most of the calcium absorption. The
high contribution of passive paracellular Ca transport is also due to the downregulation of active
transport during high Ca intake (Buckley and Bronner, 1980). In neonatal animals, passive
paracellular Ca transport may be predominated during the first weeks after birth. Dostal and
Toverud (1984) reported that in suckling rats, calcium absorption depends on passive diffusion
rather than a 1,25(OH)2D3-mediated process, which may be due to the relatively low expression
of the vitamin D receptors for neonatal life (Halloran and DeLuca, 1981). Limited information is
available for pigs and chickens, but the situation in pigs is not likely to be very different.
Whether considerable Ca is absorbed in large intestine is of great interest, which could
determine whether we should determine the ileal or total tract digestibility. Net secretion or
absorption of Ca in the large intestine has been debated for a long time (Larsen and Sandstrom,
1993). Hylander et al. (1980) reported that colon plays an important role for the absorption of
calcium after small-intestinal resection in human. Liu et al. (2000) demonstrated an apparent
absorption of Ca in the colon of pigs fed a low-P diet with a Ca:tP ratio of 1.0:1. However, Larsen
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and Sandstrom (1993) reported that the total apparent absorption of Ca in small intestine was larger
than that in total intestine tract, which suggested a net Ca excretion in large intestine.
1.2.3

Metabolism of Ca

Calcium plays an important role in body functions. To ensure these key functions, the
extracellular Ca concentration is maintained in a narrow range (Wolf, 1992), which is tightly
controlled by a complex homeostatic mechanism involving three major hormones: parathyroid
hormone (PTH), calcitonin, and 1,25(OH)2D. By targeting kidney, bone, and the intestine, the web
of hormones concisely regulate the extracellular fluid Ca concentration (Mundy and Guise, 1999).
Parathyroid hormone is synthesized by the chief cells of the parathyroid gland. The secretion
of PTH is highly dependent on plasma Ca concentration. When serum Ca concentration is low, the
secretion of PTH will be increased (Brown et al., 1999). One of the biological functions of PTH is
to stimulate bone resorption and release of Ca and P (Rodan and Martin, 1981). By increasing
osteoblasts, the PTH receptors, as well as a signaling molecule RANKL are also increased
(Teitelbaum, 2000). Then the combination of RANKL and RANK could promote osteoclast
differentiation from osteoclast precursors, which lead to an increase of bone resorption activity
(Teitelbaum, 2000). Another key effect of PTH is functioning on the kidney to stimulate calcium
reabsorption and inhibit phosphate reabsorption from the renal tubules (Blaine et al., 2014).
Furthermore, PTH can also effect kidney by stimulate the corresponding kidney enzyme, which is
involved in the production of 1,25(OH)2D (Mundy and Guise, 1999). This function is extremely
important because 1,25(OH)2D is also a key factor in regulating Ca homeostasis. 1, 25dihydroxyvitamin D is the biologically active form of vitamin D. Vitamin D is first transported to
the liver, where C-25 is hydroxylated. Then, 25-(OH)D is transported to the kidney, where it is
further transformed to 1,25(OH)2D3 (Brown et al., 1999). As discussed above, 1,25(OH)2D3
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mediates three steps during Ca absorption: the epithelial calcium channel TRPV6 mediates
1,25(OH)2D3 dependent uptake of calcium through the brush border membrane; 1,25(OH)2D3
can increase synthesis of calbindin, and stimulate the intracellular Ca diffusion; 1,25(OH)2D3 can
also stimulates the synthesis of PMCA1b and increase the efficiency of extruding Ca from
intestinal cells to extracellular fluid (Christakos, 2012). Copp et al. (1962) first discovered that
calcitonin is produced in the parafollicular cells (C cells) of the thyroid gland, and could affect the
homeostasis of Ca. Later studies showed that calcitonin has an opposite function in regulating
serum Ca by direct inhibition of osteoclast-mediated bone resorption and increasing Ca excretion
in the kidney (Raisz et al., 1967; Warshawsky et al., 1980). By a complex hormone regulated
system, the extracellular Ca concentration is maintained in a very narrow range.
Calcium is an important cellular signal that impacts nearly every aspect of cellular life
(Clapham, 2007). Calcium signaling is mainly triggered by changing Ca concentration, depending
on a lower Ca concentration in cytosol compared with extracellular fluid and smooth endoplasmic
reticulum (ER, Clapham, 1995). Clapham (1995) discussed that cells evolved strategies for binding
Ca, perhaps simply to reduce intracellular concentration at first, then altered for signaling purposes.
The membrane PMCA and Ca ATPase in ER can pump Ca into the extracellular space or ER,
respectively, to maintain a low level of intracellular Ca. In the ER, Ca will be sequestered by high
concentrations of specialized buffer molecules of the cost of ATD (Clapham, 1995). During the
activation, insufficient release of Ca may fail to perform essential cell functions (Mekahli, et al.,
2011). However, loss of luminal Ca will cause ER stress and activates an unfolded protein response,
which can reestablish normal ER function or lead to cell death, depending on the ER stress duration
and severity (Mekahli, et al., 2011). The membrane electronic Na/Ca exchanger is also a major
secondary regulator of Ca to exchange three Na ions for one Ca (Clapham, 2007). By certain
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activation, such as voltage change and ligand binding, plasma membrane Ca channels are activated
to open, where extracellular Ca ions flow down the Ca gradient to the cytosol (Clapham, 2007).
Beside, the initial increases in Ca can trigger more releasing primarily from ER and further increase
the intracellular Ca concentration. To restore to the rest status, the channels mentioned above
continue to pump the intracellular Ca out or to ER.
1.2.4

Functions of Ca in an animals

Calcium has variety functions in the body. Extracellular Ca is important for formation of
skeletal tissues, transmission of nervous tissue impulses, muscle contraction, and blood clotting
(Buchowski et al., 2015). In the cytosol, Ca works as a second messenger, and is essential to trigger
different cellular functions and physiological changes.
The bone tissues are under an active balance through constant processes of modeling and
remodeling. Sufficient nutrients, especially Ca is essential for the skeleton to maintain the shape
of the body, protect the internal organs and support movement. Bone matrix is made of a mineral
compound called hydroxyapatite, with the approximate chemical composition of Ca10(PO4)6(OH)2
(Ruys et al., 1995). This mineral contains Ca, P, and a protein mixture called osteoid with collagen
as its major protein (Stracke et al., 1984). The osteoblasts deposit minerals including Ca from the
vessels to the osteoid over matrix to make new bones (Ishaug-Riley, 1997). Calcium is also
important for muscle contraction. After muscle activation, Ca floods into the muscle cells and
binds with troponin, which allows actin and myosin to bind, and leads to muscle contraction
(Guyton, 1961). And during blood clotting, Ca works with vitamin K and fibrinogen together to
allow other clotting enzymes in the blood to bind to phospholipids in platelets and tissues (Guyton,
1961). Calcium is one of the most important second messengers as intracellular signal. During
activation, for example, a ligand binds to a Ca channel causing Ca flux into cells, or a voltage
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change across the plasma membrane causes a voltage-sensitive Ca channel to open (Berridge,
1998). These activations lead to a rise in cytoplasmic Ca concentration, which could bind to a large
number of Ca binding proteins that serve as molecular targets (Hernandez and Francisco, 1989).
For example, calmodulin is abundant in the cytosol of all cells which can bind Ca and lead to
further transmission of signals by binding to downstream targets such as protein kinases (Braun
and Schulman, 1995). Calcium can also send signals from cell to cell. Calcium signaling occurs
between cells mainly in two ways. First cellular Ca can be circumvented by gap junction channels,
which is how the signals transmit between cardiomyocytes and also often occurs in epithelia
(Mackenzie et al., 2004). More commonly, tetrameric Ca channel signaling causes gate-opening
in response to an appropriate stimulus (Jiang et al., 2002).

1.3

Calcium availability

Based on the concept of availability of AA, the availability of Ca can be interpreted as the
amount of dietary Ca that can be released during gastrointestinal tract digestion, absorption and
used in maintenance, growth, and lactation (Vincent et al.,). Similarly to P, relative bioavailability
and digestibility are the two major systems for evaluating the Ca value of feedstuffs that can be
utilized by pigs and chickens (Jondreville and Dourmad, 2005).
1.3.1

Calcium bioavailability

Calcium can be assessed for relative bioavailable Ca using slope ratio assays. In the slope
ratio assay, availability of Ca is determined relative to a standard material in which Ca is assumed
to be 100% available (Cromwell, 1992; book). The relative bioavailability can be influenced by
numbers of factors, including the relative standard feedstuffs, animal species, dietary nutrients
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intake, and physiological function that may affect nutrient requirement, especially when dietary
intake of the nutrient is less than the animal's minimal requirement (Ammerman et al., 1995). This
assay can reflect an estimation of digestion and post-absorptive utilization at the tissue level,
including growth performance, bone breaking strength, tibia ash, as well as various parameters of
calcium metabolism (Vitti and Kebreab, 2010). Ammerman et al. (1995) introduced the slope ratio
assay for Ca. The dietary Ca concentrations need to be below the animal requirements to maximize
the sensitivity of biological responses. Also, it is assumed that for both the standard nutrient source
and test ingredient. There is a simple linear relationship between response variable parameters
(dependent variables), and the Ca intake of the animals from either standard or test diets
(independent variable). The response parameters will be plotted against the Ca intake to calculate
the line equations. Equations for regression lines will be determined for both standard and test
ingredients. It is assumed that the responses of two sources are the same at x = 0, which gives the
two regression equations: y = a + bsxs and y = a + btxt for standard and test ingredients, respectively
(Figure 1-2). Then, when we set the response values from each regression line to be equal, the
xt/xs will be solve for bs/bt, which is the slope ratio between the two regression lines.
The reference standard used in bioavailability studies should be a highly available source,
some reference standards with lower utilization have been used for certain evaluations
(Ammerman et al., 1995). For example, although sodium phosphate has a higher P utilization than
calcium phosphate, feed grade monocalcium phosphate has been used as a standard ingredient.
Generally, Ca bioavailability is estimated using calcium carbonate as the standard. Growth
performance has been used as the primary response variable for determining the bioavailability.
However, because large amounts of Ca is deposited in bone tissues, bone growth performance
parameters have also been widely used (Ammerman et al., 1995). A series of studies reported by
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(Yoshida and Hoshii, 1982a; b; 1983) indicated that in broiler chickens, bone parameters,
including toe ash and tibia hardness were more dependent on P concentration than on Ca
concentration. In pigs, bone strength was suggested as the response variable of choice for Ca
bioavailability estimation, which has been shown to give a more linear fit than bone ash (Ross et
al., 1984).
The major disadvantages of this assay including the tedious work and higher cost. In addition,
determined availabilities vary among experiments, due to different reference ingredients,
experimental conditions, and it often has a high standard error of determination (Stein et al., 2007).
Besides, additivity of relative bioavailability is questionable in mixtures of feed ingredients
(Gabert et al., 2001).
1.3.2

Calcium digestibility

Digestibility is currently the most widely used in the evaluation of feedstuffs and diet
formulation practices for different stages of pigs and broiler chickens (Sauer and Ozimek, 1986).
Methods to estimate digestibility of energy and nutrients in feed ingredients have been optimized
in recent decades. Efforts have been made to improve these methods and make them more
applicable in practice and more accurate in assessments.
1.3.2.1

Direct and difference procedures

Both direct or difference procedures can be applied in the vivo digestibility studies (Agudelo
et al., 2010; Jang et al., 2014). In the direct procedure, the test feed ingredient is formulated as the
sole source of the component in the test diet (Adeola, 2001). This procedure is relatively easy and
simple, only one diet is needed and the determined dietary digestibility of the component is that of
the test ingredient. However, the direct procedure cannot be applied for all feed ingredients, in
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which the test ingredient cannot be formulated to supply the component of interest alone in the
diet. In these situations, difference procedures, including substitution and regression procedures
will be applied in which the test ingredient needs to be formulated with other feedstuffs that also
supply the component of interest in the test diet. In the substitution procedure, a basal diet is fed
to a group of pigs to determine the digestibility of the components. Another group of pigs is fed a
test diet with a known proportion of the component from basal diet replacing the test ingredient.
The test diet can also be formulated as a basal diet plus a certain quantity of the test ingredient
(Adeola and Kong, 2014; Kong and Adeola, 2014). The digestibility of the component in the test
ingredients is calculated as described by Kong and Adeola (2014):
Dti =

Dtd - Dbd × 1-Pti 
Dtd - Dbd
= Dbd +
Pti
Pti

(1)

where Dbd, Dtd, and Dti are the digestibility (%) of the Ca in the basal diet, test diet, and test
ingredient, respectively, and Pti is the proportion of the component contributed by the test
ingredient to the test diet.
Another difference procedure is the regression procedure with multiple points, which is more
robust than single point substitution (Fan and Sauer, 2002; Bolarinwa and Adeola, 2012; GonzálezVega et al., 2013; Zhai and Adeola, 2013b; Bolarinwa and Adeola, 2016). In the regression
procedure, digested Ca will be regressed against Ca intake for diets, and the slope of the regression
line will be the digestibility of the test ingredients (see next section).
For most of the plant ingredients that can be used as Ca source in swine diets, such as soybean
meal and canola meal (Zhang et al., 2016), it is convenient to formulate a semipurified diet to
determine the Ca digestibility by using the direct method. For inorganic and animal sources, due
to the low inclusion level in the diet, the regression method was commonly used (Zhai and Adeola,
2013a; Anwar et al., 2015). However, because of the low Ca concentration in corn, the Ca
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digestibility of inorganic and animal sources are also determined using the direct method based on
a corn diet (González-Vega et al., 2015a; b; Anwar et al., 2016).
1.3.2.2 Ileal vs. total tract digestibility of Ca
When determining AA digestibility, to avoid interference from microbes in the hindgut of
pigs, ileal digestibility is preferred than total tract digestibility (Sauer and Ozimek, 1986). However,
for P it has been shown that the net absorption or excretion in the large intestine is very small and
negligible. There is no difference in true P digestibility between ileal and total tract (Shen et al.,
2002; Ajakaiye et al., 2003; Dilger and Adeola, 2006). However, for Ca there are some studies
that showed the observation of either absorption or secretion in the large intestine. In rat, 7% of
the total intestinal calbindin was found in the large intestine (Escoffier 1996), which indicated that
the large intestine may account for a considerable amount of total active calcium transport. Liu et
al. (2000) demonstrated an apparent absorption of Ca in the colon of pigs. Isotope techniques were
applied to study the site of absorption of calcium in pigs using 45Ca in a single meal (Low, 1980).
The pigs were slaughtered 4 h after consumption of the experimental diet based on barley and fish
meal. The results were consistent with previous studies that showed that maximal apparent
absorption occurred in the first quarter of the small intestine. A subsequent part of this study
indicated that apparent absorption from a purified diet, containing calcium mainly from inorganic
sources, was observed in the distal small intestine and the large intestine. However, large intestine
net Ca absorption probably still accounted little for total intestinal absorption (Petith and Schedl,
1979; Bronner and Pansu, 1999).
1.3.2.3 Total collection and index method
Measuring components digestibility requires accurate determination of the interested
component intake and the component output of the test feedstuff. Both total collection method
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(TM) and index method (IM) can be used to measure the digestibility of test feedstuffs. The total
collection method requires a careful collection and record of feed intake and fecal output to
determine the difference between the components in consumed feed and excreted feces. The index
method allows partial sampling but requires a precise chemical analysis of the indigestible markers.
In a TM study, pigs will be individually housed in metabolism crates and allowed 5 to 7 days
adaption to crates and feed. The feeding level is suggested at 3.5 times the maintenance energy
requirement or approximately 4% of BW. The feeding level can be slightly reduced to avoid feed
refusal, which leads to additional work in collection and weighing of refused feed, as well as the
potential chemical analysis of the refused feed (Agudelo et al., 2010; Jang et al., 2014). The
adaptation period is followed by 4 to 6 days of total fecal collection. Fecal collection can be
performed using the marker-to-marker method by introducing a colored and indigestible
compound at the beginning and the end of the collection period. The fecal output collected during
the first and second marker colored feces is assumed to be from the feed consumed between the
introduction of the two markers in the collection period.
The index method, by including a certain concentration of indigestible compound in the diet,
has been used as a reliable alternative method to TM, especially when total collection cannot be
undertaken (Moughan et al., 1991; Jagger et al., 1992; Kavanagh et al., 2001; Wang et al., 2016).
With the analyzed values for Ca, as well as the indigestible compound in collected feed and feces,
the digestibility of Ca is calculated as follows (Adeola, 2001):
Digestibility, % = 100 - 100 × 

Mfeed × Cfeces

Mfeces × Cfeed

where Mfeed and Mfeces represent concentrations of index compound in feed and feces
respectively; Cfeed and Cfeces represent concentrations of Ca in feed and feces, respectively.
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1.3.2.4 Calcium digestibility: apparent, standardized, and true total tract digestibility
Among apparent, standardized, and true digestibility of Ca, apparent digestibility is the easiest
to calculate by simply measuring the total intake of Ca and subtracting the fecal output of Ca.
However, based on previous experience with AA and P digestibility, the use of apparent
digestibility is challenging due to different determination values based on different inclusion levels
and non-additivity. For example, Fan et al. (1994) reported that there were quadratic relationships
between the dietary soybean meal level, and the corresponding apparent ileal digestibility of AA.
For P, Petersen and Stein (2006) showed that the increasing inclusion rate of monocalcium
phosphate did not change the apparent total tract digestibility (ATTD) values of P in monocalcium
phosphate, Akinmusire and Adeola (2009) reported that the inclusion level of SBM or canola meal
did not affect the ATTD of P of test ingredients either. However, Dilger and Adeola (2006)
reported linear and quadratic effects of inclusion level of test ingredient on the ATTD of P of
conventional SBM, but not in low-phytate SBM. For Ca, several sources have reported that the
dietary Ca concentration supplemented from calcium carbonate did not affect the ATTD of Ca
(Stein et al., 2011; Zhang et al., 2016). Whereas, González-Vega et al. (2013) showed that when
canola meal was used as the sole dietary Ca source, the inclusion level of canola meal linearly
increased the ATTD of Ca. Another concern for application of apparent digestibility is that it may
violate the additivity assumption in mixed diets. For example, for AA and P, previous results
showed that the correction of endogenous losses for apparent digestibility are more additive in a
mixed diet (Zhai and Adeola, 2013b; Xue et al., 2014), especially when a relatively low
concentration nutrient ingredients included (Stein et al., 2005). Xue et al (2014) reported that SID
of AA are more accurate than AID in mixed diets with multiple protein sources. Fan and Sauer
(2002) reported that the ATTD of P in barley, wheat, peas, and canola meal were not always
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additive in a mixed diet for pigs. However, limited information of the additivity of Ca digestibility
is available.
It is reasonable to consider that the same challenges may happen to apparent digestibility of
Ca. To overcome these problems, standardized or true digestibility should be used as an alternative
of apparent digestibility for Ca by correcting basal endogenous losses or total endogenous losses.
Endogenous losses of minerals originate from saliva, pancreatic and bile juice secretions, and
enterocytes that enter the Gastrointestinal tract (Vitti et al., 2010). As is the case for endogenous
losses of AA (Stein et al., 2007), endogenous Ca losses in feces should comprise basal and dietary
specific endogenous losses, in which the basal endogenous Ca loss is independent of the feed and
reflects the minimum quantities of Ca lost by the animal. These losses are considered to be related
to the physical flow of DM intake through the GIT, and are assumed to not be influenced by dietary
composition. Basal endogenous losses of Ca have been measured using a Ca-free diet.
González-Vega et al. (2015a) first determined the standardized total tract digestibility (STTD)
of Ca in fish meal to be 65.04 and 73.48 % with or without phytase, respectively, by correcting the
ATTD of Ca for basal endogenous Ca losses in pigs. The basal endogenous Ca losses were
determined using a cornstarch-sucrose based Ca-free diet at 220 mg/kg DMI. Merriman and Stein
(Merriman and Stein, 2016) also determined the basal endogenous Ca losses at 329 mg/kg DMI
was using a corn-potato protein isolate based Ca-free diet. A novel approach based on regression
was applied by Fan et al. (Fan et al., 1995) to determine the total endogenous losses of AA and
true AA digestibility of AA sources for pigs. This method assumes that when there is a linear
relationship between dietary nutrient intake and the nutrient output in feces, total endogenous
losses of the nutrient can be calculated as the y-intercept by extrapolating the regression line back
to zero intake of the nutrient, and slope of the regression line is the true digestibility of the nutrient.
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Dilger and Adeola (2006) and Zhai and Adeola (2013b) determined endogenous P losses and true
digestibility of P in different ingredients, which showed that the combination of total collection
and the regression method is a robust method to determine the true digestibility in pigs. This
combination was also applied to determine endogenous losses of Ca and true Ca digestibility
(González-Vega et al., 2013). The endogenous losses of Ca estimation reported in the literature
are summarized and listed in Table 1-3. This summary provides the determination method, mean
BW of animals, and estimates of endogenous losses of Ca.
1.3.2.5 Factors affecting the digestibility of calcium
Gastric acid is important to dissolve and release Ca from different Ca components, which is
prerequisite for Ca absorption. Hence it is reasonable to speculate that factors that could alter
gastric acid secretion can also affect Ca releasing and absorption. For example, protein-rich feed
was found to be the most stimulating nutrient of acid secretion, and equally the highest buffering
capacity as well (Saint-Hilaire et al., 1960). In addition, it was reported that gastric secretion was
inhibited by addition of corn oil and glucose in dogs (Creutzfeldt et al., 1983). However, little
information is available on how these factors may affect Ca digestibility in pigs. González-Vega
et al. (2015a) determined Ca digestibility of fish meal using different basal diet, which failed to
demonstrate the effect of adding soybean oil on Ca digestibility.
Reducing inorganic Ca source particle size can increase surface area, which results better Ca
solubility and release. In laying hens, when a blend of different particle sizes of inorganic Ca
ingredients was applied, it led to an increase retention time in the gastrointestinal tract, which can
lead to increased Ca reserve for egg shell formation (Guinotte and Nys, 1991). However, for broiler
chickens, the smaller particles size of calcium improved growth performance and tibia
characteristics (Guinotte et al., 1991). In pigs, Ross et al. (1984) reported that there were no particle
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size effect on the relative bioavailability of various inorganic Ca sources in 15-kg pigs. Similar
results were observed by Merriman and Stein (2016), who reported that there were no particle size
effects of calcium carbonate ranging from 200 to 1,125 μm on ATTD and STTD of Ca in pigs.
Because polyanionic phytate molecules from plant ingredients could chelate up to 6 atoms of
Ca and form Ca-phytate complexes, dietary phytate level could reduce Ca digestibility (Selle et
al., 2009; González-Vega et al., 2015b). Liu et al. (2014) reported that because of the lower phytate
concentration in corn grits, pigs fed corn grits had higher ATTD of Ca than that of pigs fed a cornsoybean meal diet. However, in the study by González-Vega et al. (2015a), the determined
digestibility of Ca in fish meal was greater in a corn-based diet compared with a cornstarch-based
diet. It was explained that besides phytate, the soluble fiber concentration also affects Ca
digestibility. By increasing the passage rate (Bueno et al., 1981), the GIT digesta had better mixing
with lumen and gastric secretions, which increased Ca releasing , as well as nutrient absorption
(Vander et al., 2001). In summary, because of the potential effects from dietary composition, the
basal diet should be considered when comparing Ca digestibility from different studies, and more
studies are needed to investigate how dietary components could affect Ca digestibility.

1.4

Calcium requirement

Diets with energy and nutrients at or close to requirements of animals could allow the most
economical production. The requirements of Ca to pigs have been expressed on a total Ca basis
historically, which lags behind the process for estimating P requirements (Stein et al., 2016). In
the current version of Nutrient Requirements of Swine (NRC, 2012), requirements for standardized
total tract digestible (STTD) P were provided for different categories of pigs. Although it was
stated in NRC (2012) that a preferred ratio would have been a ratio between digestible Ca and
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digestible P, the ratios between total Ca and STTD P are used due to lack of Ca digestibility data.
Hence the Ca requirement was still expressed on a total basis through multiplying requirements
for STTD P by 2.15 (NRC, 2012). In order to improve the accuracy and efficient of diets by using
digestible Ca requirements, preliminary information of Ca digestibility in feed ingredients is
needed. Lately, efforts has been put to determining Ca digestibility in feed ingredients fed to pigs,
including apparent, standardized, and true digestibility and several experiments have been
conducted (González-Vega et al., 2013; 2016; Anwar et al., 2015; 2016), and experiments have
been conducted to determine the digestible requirement of Ca by pigs (González-Vega et al., 2017;
Merriman, 2016).
The Ca requirements can be determined by factorial calculations and empirical
measurements. Factorial technique can be applied for various systems, and is believed to be more
advantageous (Jongbloed and Everts, 1992; Weremko et al., 1997). Empirical measurements uses
one or several response criteria, such as growth performance, to determine the nutrient requirement,
which is considered to be too specific, and may not be applicable to different systems (Jongbloed
et al., 1991). However, it has been most commonly used and is necessary to test the validation of
the estimates from the factorial approach (Weremko et al., 1997; NRC, 2012).
1.4.1

Factorial approach

Factorial estimates of STTD P and total Ca requirements were reported in the current NRC
(2012). Based on the summaries of previous studies on whole body composition, NRC (2012)
stated that there is a close correlation between whole body composition of P and N. Hence, instead
of using live BW, NRC (2012) used whole-body P mass, which is derived from whole-body protein
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mass, to estimate P requirements. The equation used to estimate the STTD P requirement in
growing-finishing pigs from NCR (2012) is listed below:
STTD P requirements (g/d) = 0.85 × [(maximum whole-body P retention) / 0.77 + 0.19 ×
feed dry matter intake + 0.007 × BW]
where 0.85 is assumed to be the coefficient of the ratio between P requirement of maximum growth
performance and maximum whole-body P retention. 0.77 is assumed to be the marginal efficiency
of using STTD P intake for whole-body retention. 0.19 is assumed to be the basal endogenous P
losses in g/kg DMI. And 0.007 is assumed to be the minimum urinary losses of P in g/kg BW per
day.
The total Ca requirement was calculated by a fixed ratio of 2.15 from the STTD P
requirement. For example, the STTD P requirements were 0.33 and 0.31% for 11-25 and 25-50 kg
pigs, respectively. Then the total Ca requirements were calculated to be 0.7 and 0.66, respectively
by multiplying approximately 2.15. This simple approach was used because of a lack of available
Ca digestibility data. This approach definitely can be improved when there is more Ca digestibility
information.
1.4.2

Empirical approach

In empirical approaches, diets with various nutrient contents of interest ranging from
deficiency to excess are used to derive the Ca requirements by measuring one or several response
criteria. Experiments have been conducted to determine the requirement of both Ca and P by pigs
(Kornegay and Thomas, 1981; Partanen et al., 2010; Saraiva et al., 2011). However, a lot of these
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experiments determined the total Ca requirements rather than digestible Ca, and a constant Ca and
P ratio were applied for all the diets.
Recent studies determined the standardized total tract digestible Ca requirements in pigs
with a constant level of total Ca, or with a constant total Ca: digestible P ratio (González-Vega et
al., 2016a; González-Vega et al., 2016b; Merriman, 2016). González-Vega et al. (2016a) suggested
the digestible Ca requirement for maximizing ADG is 0.56 kg/d for 11 to 25 kg pigs when the
broken line analysis method was used, and 0.45 kg/d when quadratic analysis method was used.
Merriman (2016) reported that there was no growth performance response to dietary Ca
concentrations for 100 to 130 kg pigs , and all bone parameter responses were linear, and no
maximum values were estimated.

1.5

Summary

The current literature review includes the dietary Ca sources for pigs and chickens according to
their types. Then, Ca digestion, absorption, homeostasis and function were briefly discussed. In
addition, the availability estimates, as well as the terminology of Ca availability were discussed
and compared. Based on these systems and expressions, techniques to evaluate Ca availability
were also discussed, including evaluation procedure, advantages, and limitations. Finally, two
approaches for determining Ca requirement including factorial and empirical approaches were
discussed. The recent Ca requirement estimated from two systems were also presented.
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1.6

Objective

The objective of this study was first to determine an appropriate estimates for Ca digestibility in
both pigs and chickens. In pigs, total tract digestibility and ileal digestibility of Ca were compared,
which was followed by a comparison between apparent and true digestibility in both pigs and
chickens. In the end, the true total tract digestible Ca requirement for two BW categories of pigs:
10 to 20, and 20 to 40 kg were determined.
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Figure 1-1 Intestinal calcium absorption: active transcellular mechanism and passive
paracellular mechanism [Adapted from (Christakos et al., 2014)]. Active mechanism
predominate the Ca transportation under normal or low Ca flow in the intestine tract;
Paracellular, passive pathway predominate the Ca transportation under high calcium flow in the
intestine tract.
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Figure 1-2 Role of 1,25(OH)2D3 and PTH in kidney, intestine, and bone involved in calcium
homeostasis. [Adapted from (Brown et al., 1999)]. A: response to low Ca diet. B: response to
high Ca diet.
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Figure 1-3 Slope-ratio method used to estimate the relative biological availability of the Ca
source

37

Table 1-1 Calcium and phosphorus concentration in feed ingredients
Source

Calcium (%)

Phosphorus (%)

Calcium carbonate1

38.5

0.02

Ground limestione1

35.84

0.01

Monocalcium phosphate1

16.9

21.5

Dicalcium phosphate1

24.8

18.8

Tricalcium phosphate1

34.2

17.7

Corn2

0.01

0.23

Soybean meal3

0.34

0.60

Canola meal3

0.72

0.96

Sunflower meal3

0.31

0.80

Distiller’s dried grains with

0.08

0.60

Fish meal4

5.69

3.26

Meat and bone meal5

9.7

5.0

Whey protein concentrate1

0.63

0.38

Organic source

Inorganic source
Plant origin

Animal origin

1

National Research Council, 2012
(Bohlke et al., 2005)
3
Data adapted from Chapter 2
4
(González-Vega et al., 2015a)
5
(Anwar et al., 2016)
2
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Table 1-2 Dietary composition of calcium-free diets for pigs and broilers, g/kg as-fed basis
Pigs
Cornstarch based
Corn

1

Corn based

2

Broilers3

-

773

-

585.7

-

451.45

Dextrose

-

-

451.45

Sucrose

200

-

-

Potato protein isolate

100

180

-

Soybean oil

40

30

20

Synthetic amino acids

2.8

0.9

-

Indigestible marker

-

-

3

Cellulose

-

-

50

Solka floc

50

-

-

Monosodium phosphate

9.5

9.8

-

Magnesium oxide

1.0

-

-

Sodium chloride

4.0

4.0

4

-

-

3

Vitamin-mineral premix4

3.0

2.0

2.3

Potassium carbonate

4.0

-

14.8

Cornstarch

Sodium carbonate

1

Adapted and revised from (González-Vega et al., 2015b)
Adapted and revised from (Merriman and Stein, 2016)
3
Adapted and revised from (Anwar et al., 2016)
4
Vitamines and trace minerals should meet the requirement
2
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Table 1-3 Determined endogenous calcium losses (ECaL, mg/kg DMI) in pigs and broiler
chickens from previous studies
Reference

Diet composition

Average
BW, kg

ECaL

Growing pigs
Regression method
Zhang and Adeola, 2016

Semi purified diet

20

103

González-Vega et al., (2013)

Canola meal-cornstarch2

16

160

González-Vega et al., (2013)

Canola meal-cornstarch3

16

189

Merriman and Stein, (2016)

Corn-potato protein isolate

15

329

González-Vega et al., (2015b)

Cornstarch-sucrose-potato protein isolate

18

123

González-Vega et al., (2015a)

Cornstarch-sucrose-potato protein isolate

19

220

Dextrose-cornstarch

-

196

Dextrose-cornstarch

-

88

Calcium-free diet

4

Broiler chickens

Regression method
Anwar et al. (2015)
Calcium-and P-free diet
Anwar et al. (2016)
1

Endogenous losses of Ca presented in mg/g from the reference was transformed to mg/kg DMI by
using the average DM intake/d across all the treatments
2
Without phytase
3
With phytase
4

Normal starter diet were fed until d 28 followed by a 5-d experimental period
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COMPARISON OF APPARENT ILEAL AND TOTAL
TRACT DIGESTIBILITY OF CALCIUM IN CALCIUM SOURCES
FOR PIGS

2.1

Abstract

Two experiments were conducted to compare apparent ileal digestibility (AID) and apparent
total tract digestibility (ATTD) of calcium (Ca) in pigs. In Exp. 1, three semi-purified diets
with soybean meal, canola meal or sunflower meal as the sole source of Ca were formulated.
Eighteen cannulated pigs (initial BW = 66 ± 5 kg) were assigned in a randomized complete
block design to 3 treatments and 6 replicates per treatment. Results indicated that for either Ca
or phosphorus (P), the ATTD was not different from AID in three diets (Psite = 0.16 and 0.81
respectively). In Exp. 2, diets with four Ca concentrations were formulated with calcium
carbonate as the Ca source. Sixteen cannulated pigs (initial BW = 73 ± 4 kg) were assigned in
a randomized complete block design to 4 treatments in 2 experimental periods. The results
indicated that the ATTD of Ca was not different from AID for all diets. Furthermore, Ca
digestibility was not affected by dietary treatment, but P digestibility was linearly improved (P
< 0.01) as dietary Ca and P concentrations increased. Thus, it is concluded that both AID and
ATTD can be used to describe the digestibility of Ca for growing-finishing pigs.
Key Words: calcium, calcium carbonate, digestibility, pigs, plant protein supplement

2.2

Introduction

Calcium (Ca) and phosphorus (P) are considered macrominerals in pig diets, primarily
needed for bone tissue synthesis as a component of Ca10(PO4)6)OH)2, as well as many
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biochemical reactions such as protein synthesis, components of cell membrane, and muscle
contraction (Crenshaw 2001). Deficient or excess levels of Ca or P could interfere with
utilization of the other, and may reduce growth performance of pigs (Hall et al. 1991). Hence
it is critical to formulate appropriate Ca and P concentrations in diets to satisfy pig’s
requirements.
The importance of formulating a diet on a digestible nutrients basis to satisfy the
requirements of pigs is widely known. However total Ca requirements rather than digestible
Ca requirements are used due to a paucity of Ca digestibility data (National Research Council,
2012). To integrate Ca digestibility data, an increasing number of studies have been conducted
to determine Ca digestibility in plant ingredients, inorganic sources, and animal proteins
(Bohlke et al. 2005; Stein et al. 2011; González-Vega et al. 2015a; González-Vega et al. 2015b).
To measure Ca digestibility, the first question that needs to be answered is whether ileal
or total tract digestibility should be used. Colonic secretion or absorption of Ca has been
reported in previous studies. Sandberg et al. (1993) reported that there was no net Ca absorption,
but net Ca secretion in the colon of pigs with different dietary Ca concentrations. However,
Liu et al. (2000) demonstrated an apparent absorption of Ca in the colon of pigs, particularly
under conditions of marginal P or Ca status. Those results call for studies designed to compare
apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) of Ca directly
under different conditions for determining the choice of ileal or total tract digestibility to
estimate digestible Ca. Bohlke et al. (2005) reported that, using corn or soybean meal (SBM)
as the sole dietary Ca sources, there is no difference between AID and ATTD of Ca in corn or
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SBM based diets. Also González-Vega et al. (2014b) reported that there is no difference
between ileal digestibility and total tract digestibility of Ca when using calcium carbonate as
the Ca source. In the current study, to further test the hypothesis that there is no difference
between values of AID and ATTD of Ca, the first experiment of the study was conducted to
compare AID and ATTD of Ca from three organic sources, SBM, canola meal (CM), and
sunflower meal (SFM) in growing-finishing pigs. The second experiment was conducted to
compare AID and ATTD of Ca in fixed Ca:total P (tP) ratio diets with different Ca
concentrations supplied by calcium carbonate.

2.3

Materials and Methods

In Exp. 1, three diets, which contained SBM, CM or SFM as the sole source of Ca were
formulated (Table 2-1) to contain 1.4, 1.6 or 1.4 g/kg Ca, respectively. Potassium phosphate
was added to maintain the same Ca:tP among the three diets. Eighteen pigs (initial BW = 66 ±
5 kg) were surgically fitted with a T-cannula at the distal ileum using procedures adapted from
Dilger et al. (2004). After surgery, pigs were housed individually in pens with low-pressure,
automatic waterers and 24-h lighting. Pigs were fed 3 diets according to a randomized complete
block design with 3 treatments and 6 replicate pigs in individual pens (1.82 × 2.43 m) per
treatment. Feed allowance was calculated as 4.0 % initial average BW of pigs within each
block, and was provided in two equal portions at 0700 and 1700 h. The study consisted of a 5d adjustment period, 2 d of feces collection on d 6 and 7, and 2 d of ileal digesta collection for
10 h on d 8 and 9. Feces were collected twice a day on d 6 and 7 and ileal digesta were collected
from 0700 to 1700 on d 8 and 9 of each period. The ileal collection bags were attached to the
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cannula with a rubber O-ring and prefilled with 10 mL of 5% formic acid to reduce microbial
proliferation. All samples were stored at –20°C until processing.
In Exp.2, four diets based on corn, soybean meal, cornstarch, and soybean oil were
formulated (Table 2-2). Calcium carbonate was added in increments of 0.52%, which increased
the total dietary concentration of Ca in increments of 2.0 g/kg. Therefore, the dietary Ca
concentrations were calculated at 3.7, 5.7, 7.7, and 9.7 respectively. Potassium phosphate was
supplemented to increase the P level in order to maintain a 1.5:1 Ca:total P ratio.
Sixteen of the eighteen barrows from Exp. 1 (initial Body Weight = 73 ± 4 kg) were used
in this experiment. The 16 barrows were fed a regular diet containing 16% crude protein, 0.60%
Ca, and 0.30% standardized total tract digestible P for one week after Exp.1, after which they
were assigned to four different treatments in a randomized complete block design involving
two periods. Each period consisted of a 3-d acclimation period to feed, a 2-d fecal collection,
and a 2-d ileal collection period from 7:00 am to 7:00 pm. The second period began
immediately after the end of first period. Feeding and collection of samples for Exp. 2 were
identical to those described in Exp. 1.
2.3.1

Chemical Analyses and Calculations

Samples from two experiments were processed using the same procedures under similar
conditions. Samples from each pig within a period were thawed and pooled for analysis.
Samples were dried at 55°C in a forced-draft oven and then ground to pass through a 0.5-mm
screen before analysis. All samples were dried at 105°C in a drying oven (Precision Scientific
Co., Chicago, IL) for 24 h to determine the dry matter (DM) content. Chromium content was
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analyzed using the method described by Fenton and Fenton (1979). Samples were wet digested
in concentrated nitric acid for 45 min, followed by the digestion in 70% perchloric acid and
then measuring the absorption at 440 nm using a spectrophotometer (Spectronic 21D, Milton
Roy Co., Rochester, NY). Calcium and P concentrations were also determined after the wet
digestion. Calcium concentration in wet digested samples was determined using an atomic
absorption spectrometer (AOAC, 2006; AAnalyst 300; Perkin Elmer, Norwalk, CT).
Concentration of P was determined by spectrophotometry at 620 nm (AOAC, 2006;
SpectraCount, model AS1000, Packard, Meriden, CT).
The AID and ATTD of Ca and P were calculated for all diets using the following equations:
AID, % = [1 – (Cri/Cro) × (Cao/Cai)] × 100;
ATTD, % = [1 – (Cri/ Crfo) × (Cafo /Cai)] × 100;
where Cri and Cro are the chromium concentration of diet and ileal output, respectively
(mg/kg of DM); Cai and Cao are the Ca concentration of diet and ileal output, respectively
(mg/kg of DM); Crfo and Cafo are the chromium and Ca concentration of feces output,
respectively (mg/kg of DM). The equations for AID and ATTD were also used for P
digestibility calculation with Ca replaced by P.
2.3.2

Statistical Analyses

Because each diet had digestibility from 2 intestinal sites (ATTD and AID), data were
analyzed as split-plot experiments in a randomized complete block design using the GLM
procedure of SAS (version 9.3, SAS Inst. Inc., Cary, NC, USA). In Exp.1, Ca source was the
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main-plot factor and digestibility at different site (ileum or total tract) was the split-plot factor
and PDIFF option was used to separate means. The Tukey multiple comparison test was used
to determine significant mean differences of main-plot factor. In Exp. 2, dietary Ca
concentration was the main-plot factor and digestibility at different site was the split-plot factor.
Linear and quadratic contrasts were used to test the effects of dietary Ca level on digestibility.
Significant difference was set at P < 0.05 and trend was set at 0.05 ≤ P < 0.10.

2.4

Results

Exp. 1
The diets used in this study were analyzed to contain 1.7, 2.1, and 1.6 g/kg Ca; 4.1, 4.7,
and 4.0 g/kg P respectively as shown in Table 2-1. The analyzed values were higher than
formulated for at 1.4, 1.6, and 1.4 g/kg, but the Ca:tP ratio was still consistent at 0.4. Pigs easily
consumed all the diets, and no problems with feed intake were observed.
Results in Table 2-3 indicate that the DM digestibility of SFM was lower than that of
SBM and CM as expected, because of the high fiber concentration in SFM. The digestibility
of Ca and P in SFM were also lower compared with SBM or CM, and there was no difference
between SBM and CM. There was no difference between the values for ATTD and AID of Ca
or P (Psite = 0.16 or 0.81 respectively). No interactions between Ca source and intestinal sample
collection site were observed for Ca or P digestibility (P = 0.63 or 0.84, respectively).
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Exp. 2
Diets used in this study were analyzed to contain 3.7, 5.6, 7.6, and 9.6 g/kg Ca; 2.5, 3.7,
5.0, and 6.3 g/kg P respectively as shown in Table 2-2, which was in agreement with the
experimental design and the Ca:tP ratio was constant at 1.5. Pigs easily consumed all diets, and
no feed refusals were observed.
Digestibility of Ca (Table 2-4) was not affected by dietary treatments (Pdiet = 0.14). There
was no site effect on Ca digestibility either (Psite = 0.11), which signified that the AID and
ATTD of Ca are not different. Unlike Ca digestibility, P digestibility was impacted by dietary
treatment (Pdiet < 0.01). However, no site effect was observed on P digestibility either (Psite =
0.56). There were no interactions between Ca concentration and intestinal sample collection
site for Ca or P digestibility. For P digestibility, linear and quadratic contrast were conducted,
the results showed that both linear and quadratic effect were significant on P digestibility (Plinear
< 0.01, Pquadratic = 0.03) as the Ca concentration increased.

2.5

Discussion

Due to the confounding effect of microbial fermentation of undigested proteins and
unabsorbed amino acids in the hindgut of pigs for protein evaluation, ileal digestibility of
amino acids is used as the currency of dietary protein quality and amino acid bioavailability.
Both ileal digestibility and total tract digestibility can be used for P because there is no net
absorption or secretion of P in the large intestine (Bohlke et al. 2005; Dilger and Adeola 2006;
González-Vega and Stein 2014b). Compared with AA and P, more information on Ca
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digestibility of ingredients fed to pigs is needed to improve the utilization of Ca and P, as well
as improving the efficiency of phytase (González-Vega and Stein 2014a; Walk 2016).
Dietary Ca is mainly absorbed in the small intestine through both active and passive
transepithelial Ca transport (Pansu et al. 1983). Both of these Ca absorption mechanisms have
also been observed in the large intestine (Pansu et al. 1983; Liu et al. 2000). The amount of Ca
transferred by those two pathways can be affected by age, body weight, and especially dietary
factors, such as Ca source, Ca concentration, and Ca:P in the diet (Qian et al. 1996; Adeola et
al. 2004). For example, when animals are fed low Ca diets, vitamin D-dependent calciumbinding protein (CaBP) are upregulated, hence active Ca absorption will be increased. High Ca
intakes inhibit CaBP synthesis, which inhibits active Ca absorption (Pansu et al. 1983). Those
dietary factors mentioned above affect the Ca absorption process in either the small intestine
or large intestine, and could result in differences between ileal or total tract digestibility of Ca
(Fan and Archbold 2012). Hence it is important to determine if ileal or total tract digestibility
will give similar estimates of Ca digestibility in different conditions. Thus, two experiments
were conducted to compare ileal and total tract digestibility of Ca from in organic or inorganic
Ca sources.
Soybeans, canola, and sunflowers are important major oilseeds. Their byproducts, SBM,
CM and SFM were used in experiment 1 because they are widely used protein ingredients in
the swine diets, and contain comparatively high concentrations of Ca. The AID and ATTD of
Ca in SBM, CM, and SFM were measured and compared in diets where each ingredient was
the sole source of Ca. To the best of our knowledge, such a comparison has not been reported
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for CM or SFM. The digestibility of Ca in SBM are similar to the values reported by Bohlke
et al. (2005), but the digestibility of Ca in CM is higher than the values reported by GonzálezVega et al. (2013). The digesitibility of Ca in SFM was lower than that of SBM or CM as
expected, because the SFM used in the present study was not dehulled and had a high fiber
contents, which generally has a negative effect on nutrient digestion and absorption in animals
(Cummings, 1978). In addition, to maintain the same total Ca:P ratio, potassium phosphate
were only added into SBM and CM diets. Because of higher P digestibility in potassium
phosphate compared with plant sources, the aeverage dietary P digestibilty also increased.
Because there was no difference between AID and ATTD for Ca in any of the diets, the results
indicated that AID and ATTD give a similar digestibility value in estimating Ca bioavailability
when using plant ingredients as the sole Ca source in diets, which agrees with prevous
published data (Bohlke et al. 2005; González-Vega et al. 2014b). Absorption Ca in the colon
was observed in previous studies (Bronner and Pansu 1999). However, Karbach and Feldmeier
(1993) demonstrated that even with highly efficient hindgut absorption of Ca, the large
intestine contributes only little to the overall Ca absorption. In the current experiment, using
ileal digesta as input and feces as output, the apparent digestibility of Ca in the large intestine
were calculated to be -2.09%, 5.18%, and -4.69% for SBM, CM, and SFM respectively. This
indicates that when dietary Ca concentration was lower than requirements, the net Ca
absorption in the large intestine was small in the CM diet. The secretion of Ca into the large
intestine was more than Ca absorption in the large intestine for SBM and SFM diets as seen in
the negative numbers. Because there was no difference between AID and ATTD, it can be
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concluded that in the large intestine of pigs, the amount of Ca absorption or secretion is small
and negligible. Observations for P digestibility were similar to those for Ca as there was no
difference between AID and ATTD of P for any of the diets. This also agrees with previous
data that there is no net P abosorption or excretion in large intestine (Bohlke et al. 2005; Dilger
and Adeola 2006).
In the second experiment, the AID and ATTD of Ca in pig diets supplemented with
calcium carbonate were measured and compared. To the best of our knowledge, this
comparison has not been reported under a fixed Ca:tP ratio condition. The requirement for total
Ca for 50- to 75-kg pigs is 0.59% (National Research Council, 2012). The diets used in the
second experiment contained between 0.37 and 0.97% Ca, which is 63 to 164% of the
requirement. As observed in Exp. 1, the results indicate that there is no difference between AID
and ATTD of Ca, regardless of whether it is below or above the requirement. As discussed
earlier, although Ca absorption in the large intestine will increase when Ca intake is low, the
amount of absorbed Ca in large intestine only accounts for small amount of overall Ca
absorption. Thus, Ca absorption from the large intestine has little effects on Ca ATTD. When
Ca intake was high, a larger proportion of unabsorbed Ca reaches the large intestine than when
Ca intake is low. The passive paracellular transport in the large intestine will be increased, and
the active Ca transportation in the large intestine will be downregulated simultaneously (Petith
and Schedl 1976), resulting in only little contribution to overall Ca absorption. Consistent with
Exp.1, it is concluded that the net absorption or excretion of Ca in the large intestine is
negligible. It has been reported that there is no difference between AID and ATTD of P, and
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total tract digestibility of P is quite robust to estimate P digestibility (Zhai and Adeola 2012),
which is confirmed by current results that AID is not different from ATTD of P when Ca and
P levels are increased simultaneously.
Results of Exp. 2 also indicate that Ca digestibility is not affected by dietary Ca treatments.
When dietary Ca concentration is low, active transepithelial Ca transport, mainly in the
duodenum, is upregulated and a large amounts of Ca are transported by this process. When
dietary Ca level is high, passive absorption in the jejunum and ileum is the major absorptive
process, because of the downregulation of the active transport process (Bronner and Pansu
1999). So these two Ca absorption mechanisms could compensate for one another based on the
dietary Ca concentration, and it may explain why the AID of Ca is not significantly different
from dietary Ca deficiency to Ca excess (Pointillart et al. 1989). In addition to the observations
in this study, ATTD of Ca is not affected by different Ca concentrations which is also in
agreement with previous research (Stein et al. 2011). This is perhaps attributable to both active
Ca transport and passive Ca transport compensating for each other based on the Ca amount that
reaches the large intestine. Regardless, Ca absorption in the large intestine only accounts for a
small proportion (< 10%) of total intestinal absorption. Although Ca concentration did not
affect Ca digestibility, González-Vega et al. (2015a) reported that dietary inclusion of
microbial phytase increased the ATTD of Ca. Walk (2016) also proposed that there is a
correlation among Ca, phytate, and the maximum effects of phytase. These results
demonstrated that using values of Ca digestibility with or without microbial phytase could
further increase the accuracy of diet formulation. Hence more Ca digestibility studies are
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needed with inclusion of microbial phytase. Similar to Ca, P is mainly absorbed in the small
intestine through both active and passive transepithelial P transport, but a different trend was
observed for P digestibility. Phosphorus digestibility increased linearly as the P concentration
increased, even though the concentration of P exceeded the P requirement of pigs (National
Research Council, 2012). Dietary P in this experiment was supplied by corn, soybean meal,
and potassium phosphate. The digestibility of P in potassium phosphate is higher than in corn
and soybean meal (National Research Council, 2012), thus when more potassium phosphate is
supplemented in the diet, a greater proportion of P comes from inorganic potassium phosphate
rather than plant-based P in corn and SBM. As dietary potassium phosphate increased from 0
to 1.75%, the proportion of P from potassium phosphate increased from 0 to 60% of total P,
which increased the average P digestibility in the diets.

2.6

Conclusion

Based on results of current experiments, net absorption of Ca and P in the large intestine
of growing-finishing pigs is negligible and both AID and ATTD can be used to describe Ca
digestibility for growing-finishing pigs. Adding different concentrations of calcium carbonate
and potassium phosphate increased P digestibility in diets, gave similar estimates of AID and
ATTD of Ca or P, and had no effects on Ca digestibility.
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Table 2-1 Ingredient and nutrient composition of diets in Exp.1
Ca Source
Ingredient %
Soybean meal

Canola meal

Sunflower meal

400.0

-

-

Canola meal

-

200.0

-

Sunflower meal

-

-

361.0

548.3

631.5

496.5

Soybean meal

Cornstarch
Corn gluten meal

-

115.0

70.0

Soy oil

15.0

15.0

40.0

Cr2O3 premix1

25.0

25.0

25.0

Potassium phosphate

5.2

7.0

-

Salt

3.0

3.0

3.0

Vitamin premix2

1.5

1.5

1.5

Mineral premix3

1.0

1.0

1.0

Selenium premix4

0.5

0.5

0.5

-

-

1.0

0.5

0.5

0.5

1000

1000

1000

Ca,

0.17

0.21

0.16

Total P,

0.41

0.47

0.40

Ca:P

0.4

0.4

0.4

Potassium carbonate
Magnesium oxide
Total
Analyzed Nutrients, %

1

Prepared as 1 g of chromic oxide added to 4 g of ground corn.
Vitamin premix supplied per kg of diet: vitamin A, 2,423 IU; vitamin D3, 242 IU;
vitamin E, 17.6 IU; vitamin K activity, 2.4 mg; menadione, 804 μg; vitamin B12, 14.1 μg;
riboflavin, 2.8 mg; d-pantothenic acid, 9 mg; and niacin, 13 mg.
3
Mineral premix supplied per kg of diet: Cu (as copper sulfate), 9 mg; I (as calcium
iodate), 0.34 mg; Fe (as ferrous sulfate), 97 mg; Mn (as manganese oxide), 12 mg; and Zn
(as zinc oxide), 97 mg.
4
Supplied 300 μg of Se per kg of diet.
2
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Table 2-2 Ingredient and nutrient composition of diets in Exp.2
Ca concentration of diets
Ingredients, g/kg
3.7

5.7

7.7

9.7

Corn

600.0

600.0

600.0

600.0

Soybean meal

144.0

144.0

144.0

144.0

Cornstarch

200.9

189.8

178.8

167.8

Soy oil

15.0

15.0

15.0

15.0

Cr2O3 premixz

25.0

25.0

25.0

25.0

-

5.9

11.7

17.5

Calcium carbonate

8.2

13.4

18.4

23.5

Salt

3.0

3.0

3.0

3.0

1.5

1.5

1.5

1.5

Potassium phosphate

Vitamin premixy
Mineral premix

x

1.0

1.0

1.0

1.0

w

0.5

0.5

0.5

0.5

Magnesium oxide

0.5

0.5

0.5

0.5

1000

1000

1000

1000

Ca,

0.37

0.56

0.76

0.96

Total P,

0.25

0.37

0.50

0.63

STTD5 P,

0.10

0.22

0.34

0.45

Ca:P

1.5

1.5

1.5

1.5

Selenium premix

Total
Analyzed Nutrients, %

1, 2, 3, 4
5

The same with Exp. 1
STTD = standardized total tract digestibility (calculated values)
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Table 2-3 Influence of Ca source and collection site on apparent ileal (AID) and apparent
total tract (ATTD) digestibility (%) of Ca and P (Exp. 1)
Ca source

Collection
site

DM

Ca

P

digestibility, % digestibility, % digestibility, %

n2

Soybean meal

Ileum

76.01

54.41

40.02

6

Soybean meal

Total tract

93.58

49.45

39.56

6

Canola meal

Ileum

69.80

46.31

33.57

6

Canola meal

Total tract

90.62

46.37

35.67

6

Sunflower meal

Ileum

62.76

27.86

20.34

5

Sunflower meal

Total tract

79.80

22.04

16.06

6

Ileum

69.44

42.88

31.48

17

Total tract

87.92

39.31

30.61

18

Soybean meal

84.80a

51.93a

39.79a

12

Canola meal

80.21b

46.34ab

34.62ab

12

Sunflower meal

71.06c

25.02c

18.58c

11

3.72

7.01

10.27

0.16

0.81

SD

1

P-values of
Collection site

< 0.01

Ca source

< 0.01

Collection site×Ca source

0.44

< 0.01
0.57

< 0.01
0.77

Note: Means within a column not sharing a lowercased italic letter differ significantly at
the P < 0.05 level.
1
SD = standard deviation.
2
Number of observations.
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Table 2-4 Influence of Ca concentration and collection site on apparent ileal (AID) and
apparent total tract (ATTD) digestibility (%) of Ca and P (Exp. 2)
Ca concentration, %

Collection

DM

Ca

P

site

digestibility, %

digestibility, %

digestibility, %

n2

0.37

Ileum

73.16

65.65

34.56

7

0.37

Total tract

88.09

62.58

35.58

8

0.57

Ileum

71.71

75.07

53.10

8

0.57

Total tract

87.43

71.71

48.62

8

0.77

Ileum

64.31

69.14

57.11

7

0.77

Total tract

86.31

68.82

57.12

8

0.97

Ileum

69.83

76.99

62.85

8

0.97

Total tract

86.13

67.73

60.63

8

Ileum

69.75

71.71

51.90

30

Total tract

86.99

67.71

50.50

32

0.37

80.62

64.12

35.07

15

0.57

79.57

73.39

50.86

16

0.77

75.31

68.98

57.14

15

0.97

77.98

72.36

61.74

16

1

5.13

9.48

9.19

<0.01

0.11

0.56

0.24

0.14

<0.01

Linear effect of Ca concentration

0.07

0.10

<0.01

Quadratic effect of Ca concentration

0.20

0.27

0.03

0.24

0.63

0.84

SD

P-values of
Collection site
Ca concentration

Collection site×Ca concentration
1
2

SD = standard deviation.
Number of observations.
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TRUE IS MORE ADDITIVE THAN APPARENT
TOTAL TRACT DIGESTIBILITY OF CALCIUM IN LIMESTONE
AND DICALCIUM PHOSPHATE FOR TWENTY-KILOGRAM PIGS
FED SEMI-PURIFIED DIETS

3.1

Abstract

Two experiments were conducted to determine the calcium (Ca) digestibility of limestone and
dicalcium phosphate (DCP), and their additivity in a semi-purified diet for pigs. In Exp. 1,
forty-eight barrows with an average initial BW of 19.2 ± 1.1 kg were assigned to one of six
dietary treatments in a 2 × 3 factorial arrangement of two Ca sources, including limestone or
DCP, and three dietary Ca concentrations at 5.4, 7.4, or 9.4 g/kg. Diets were fed for a 5-d
adjustment period followed by a total collection period of 5 d with chromic oxide and ferric
oxide as markers to determine initiation and termination of fecal collection, respectively.
Results indicated that increased dietary Ca concentration linearly increased (P < 0.01) digested
Ca and retained Ca, but did not affect apparent total tract digestibility (ATTD) or retention of
Ca. The ATTD and retention of phosphorus (P) were linearly increased (P < 0.05) as dietary
Ca and P increased. In Exp. 2, seventy-two barrows with an average initial BW of 20.8 ± 1.3
kg were assigned to 1 of 9 dietary treatments in a 3 × 3 factorial arrangement of three Ca
sources, limestone, DCP, or a 1:1 mixture of limestone and DCP; and dietary Ca concentration
of 4.0, 5.0, or 6.0 g/kg. Feeding and sample collection procedures were as in Exp. 1. Increasing
Ca concentration linearly increased (P < 0.001) fecal Ca output and Ca absorbed, but did not
affect the ATTD of Ca within each Ca source. The average ATTD was 66.46, 70.34, and 69.32%
for limestone, DCP, and the mixed diet, respectively. By regressing daily digested Ca against
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daily Ca intake, the true total tract digestibility (TTTD) of Ca was determined at 70.06, 76.42,
and 73.72% for limestone, DCP, and their mixed diet, respectively. The predicted TTTD for
Ca in the mixed diet of limestone and DCP was calculated to be 72.67% based upon the Ca
contribution coefficient of 0.59 for limestone and 0.41 for DCP. The predicted Ca TTTD
(72.67%) in the mixed diet was not different from the determined Ca TTTD (73.72%). It is
concluded that although ATTD of limestone and DCP were not affected by Ca concentration
in the diet. Therefore, TTTD is recommended for evaluation of Ca digestibility because of its
additivity in a mixed diet.

Key words: additivity, apparent digestibility, calcium, pigs, true digestibility

3.2

Introduction

Because calcium (Ca) sources are inexpensive compared with energy, AA, and
phosphorus (P) ingredients, oversupply of Ca is usually the problem rather than deficiency.
However, studies have shown that high dietary Ca concentration may inhibit phytase efficiency
and reduce P digestibility (Reinhart and Mahan, 1986; Selle et al., 2009; Stein et al., 2011). To
avoid the negative effects of Ca oversupply and provide an optimal amount of Ca in the diet,
recent studies have determined Ca digestibility in feed ingredients (González-Vega et al.,
2015b; Zhang et al., 2016), as well as the digestible Ca requirements for pigs (González-Vega
et al., 2016).
As it is the case with AA and P, Ca digestibility can be expressed as apparent,
standardized, or true digestibility (Kong and Adeola, 2014). Apparent total tract digestibility
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(ATTD) is the simplest to determine, but also brings some challenges. For example, it has been
reported for AA and P that apparent digestibility values of ingredients are affected by inclusion
rates of AA or P, respectively (Fan et al., 1994; Ajakaiye et al., 2003). It has also been reported
that Ca ATTD in canola meal was impacted by dietary Ca concentrations (González-Vega et
al., 2013). As a result, when it comes to using the determined apparent digestibility in diet
formulation, it is hard to choose the correct value. Apparent digestibilities in mixed diets are
not additive for AA or P. Correcting apparent digestibility values for endogenous losses may
yield values that are additive in mixed diets (Stein et al., 2005; Zhai and Adeola, 2013b; Xue
et al., 2014). Hence two experiments were conducted. The first experiment was conducted to
determine ATTD of Ca in limestone and DCP at different Ca concentration and test the
hypothesis that the ATTD of Ca in limestone and dicalcium phosphate (DCP) are not affected
by the Ca concentration in the diets. The second experiment was conducted to determine the
true total tract digestibility (TTTD) of Ca in limestone and DCP using semi-purified diets, and
to determine if values for ATTD or TTD are additive in mixed diets.

3.3

Materials and Methods

All animal procedures used in these studies were approved by the Purdue Animal Care
and Use Committee.
Exp. 1
The experiment was conducted in 2 consecutive periods using the same facility and
procedures. Forty eight Hampshire × Duroc × Yorkshire × Landrace barrows (initial BW 19.2
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± 1.1 kg) were used. In each period, twenty four barrows were allotted to 6 dietary treatments
in a randomized complete block design using initial BW as a blocking factor. Barrows were
housed in stainless-steel metabolism crates (0.7 × 0.81 m) that allowed for total collection of
feces and urine. Pigs were allowed to adapt to diets and crates for 5 d, followed by a 5-d total
collection of urine and feces. Feed allowance was calculated as 3.5% initial average BW of
pigs within each block during the experimental period. Pigs were fed 1 of 2 equal portions of
a daily feed allowance at 0700 and 1800 h. Chromic oxide and ferric oxide were used as
markers to determine the initiation and termination of fecal collection, respectively, as
described by Adeola (2001). Urine and fecal samples were collected daily during the collection
period. All the feces and a minimum of 30% subsample of the urine were stored at −18°C until
analysis. All samples were pooled within each pig at the end of the experiment.
The 6 dietary treatments consisted of a combination of 2 Ca sources (calcitic limestone
and DCP) and 3 Ca concentrations (5.4, 7.4, or 9.4 g/kg of Ca; Table 3-1). Potassium phosphate
was supplemented to adjust the dietary phosphorus level and maintain a 1.1:1 total Ca:total P
at the expense of cornstarch. Potassium carbonate was included to maintain similar dietary
potassium concentrations and dietary electrolyte balance values across diets to limit the
possible influence from the different dietary electrolyte balance among diets.
Exp. 2
The experiment was conducted in 4 consecutive periods using the same facility and
procedures as Exp. 1. Seventy two Hampshire × Duroc × Yorkshire × Landrace barrows with
the initial BW of 20.8 ± 1.3 kg were used. In each period, eighteen pigs were blocked by weight
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and randomly assigned to 9 dietary treatments in a 3 × 3 factorial arrangement of three Ca
sources including calcitic limestone, DCP, and a 1:1 mixture of limestone and DCP, and dietary
Ca concentration at 4.0, 5.0, or 6.0 g/kg. The same experimental procedure was followed as
described in Exp.1. Feed allowance was calculated as 3.0% initial average BW of pigs within
each block during the experimental period. Potassium phosphate was supplemented to adjust
dietary phosphorus concentration and maintain a 1:1 total Ca:total P at the expense of
cornstarch. Potassium carbonate was included for the same reason described in Exp.1. All
housing, feeding, collection, and sampling procedures were as described as for Exp. 1.
3.3.1

Chemical Analyses

All feces were oven-dried at 55°C to a constant weight. Diets and feces were finely
ground (< 0.75 mm) using a centrifugal grinder (ZM 200; Retsch GmbH, Haan, Germany)
before analysis. All samples were dried at 105°C in a drying oven (Precision Scientific Co.,
Chicago, IL) for 24 h to determine DM content (Method 934.01; AOAC, 2006). Urine samples
for each pig were thawed and thoroughly mixed, after which approximately 500-mL
subsamples were filtered in 3 steps using glass wool. All samples of diets, urine, and feces
were digested in concentrated nitric acid and 70% perchloric acid (Fenton and Fenton, 1979),
and analyzed for Ca and P after wet digestion. Calcium concentration in wet digested samples
was determined using an atomic absorption spectrometer (AAnalyst 300; Perkin Elmer,
Norwalk, CT; method 985.01; AOAC 2006). Concentration of P was determined by
spectrophotometry (Spectra Count, model AS1000, Packard, Meriden, CT; AOAC 2006) at
620 nm by addition of Fiske-Subbarow reducer solution and acid molybdate. For feed samples,
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nitrogen content was determined by the combustion method (TruMac N analyzer; Leco Corp.,
St. Joseph, MI), and GE was determined by isoperibol bomb calorimetry using a Parr 1261
calorimeter (PARR Instrument Co., Moline, IL).
3.3.2

Calculations and Statistical Analysis

The ATTD and retention of Ca (CaR, %) were calculated by the following equation:
ATTD (%) = 100 × [(Cai - Caf) / Cai]
CaR = 100 × (Cai - Caf - Cau)/Cai
where Cai represents the dietary Ca intake (g/d); Caf is the fecal Ca output (g/d); and Cau is the
urine output of Ca (g/d). The equations above were also used for P digestibility and retention
calculation with P replacing Ca.
In Exp. 2, the TTTD of Ca in limestone and DCP were determined by regressing
digested Ca (CaD in g/d; calculated as Cai - Caf) against Cai in g/d for diets within each Ca
source using the following model:
CaD = (TTTD × Cai) − ECaL,
where TTTD (%) is the slope of the regression × 100; and endogenous losses of Ca (ECaL, g/d)
is the negative intercept of the regression; CaD and Cai represent the dependent and
independent variables, respectively.
The predicted TTTD of Ca in the mixed diet of limestone and DCP were derived with
the following equation:
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TTTDPM = TTTDL × CL + TTTDD × CD,
where CL and CD are the Ca contributed from limestone and DCP, respectively, in their mixed
diet; TTTDPM (%) stands for predicted TTTD of Ca in the mixed diet of limestone and DCP;
and TTTDL and TTTDD represent determined TTTD of Ca in limestone and DCP, respectively.
In both Exp. 1 and Exp. 2, data were analyzed as a randomized complete block design
in factorial arrangement using the general linear model procedures of SAS (SAS Inst, Inc.,
Cary, NC). Linear and quadratic contrasts were used to test the effects of dietary Ca
concentration on intake, output, digestibility, and retention of Ca and P of each Ca source.
Individual pig was the experimental unit. Least-squares means were calculated and an alpha
level of ≤ 0.05 was considered significant, and <0.1 was considered as a trend.
In Exp. 2, regression coefficients were compared between Ca sources by the confidence
intervals derived from standard errors of the respective regression coefficients. To test whether
the determined TTTD of Ca in the mixed diet (TTTDDM) of limestone and DCP is different
from the predicted TTTD of Ca in the mixed diet (TTTDPM), a 2-tailed, 1-sample t-test was
performed with the null hypothesis being Ho: TTTDDM = TTTDPM vs. alternative hypothesis
Ha: TTTDDM ≠ TTTDPM.
t = (x – μ) / SE,
where the TTTDDM of Ca was taken as the sample mean ( x ) and TTTDPM of Ca as the
population mean (μ). The equations above were also used to test for additivity of ATTD of Ca
in mixed diet with ATTD replacing TTTD.
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3.4

Results

Analyzed chemical composition of the experimental diets used in Exp. 1 and 2 are
shown in Tables 3-1 and 3-2, respectively. The analyzed dietary Ca concentrations in both
experiments were close to calculated values. The total Ca:total P were similar among diets for
each experiment, except for the diet containing limestone and 7.4 g/kg Ca in Exp.1, where the
P concentration was lower than expected.
Exp. 1
Daily Ca intake and fecal Ca output (g/d) linearly increased (P < 0.001) as the Ca
concentration increased in both limestone and the DCP diets (Table 3-3). The dietary Ca
concentration linearly increased (P < 0.001) urinary Ca output (g/d) for the DCP treatment, but
not for the limestone treatment. Digested and retained Ca linearly increased (P < 0.001) as
dietary Ca concentration increased. However, ATTD and retention (%) of Ca were not affected
by Ca concentration.

Daily P intake, fecal P output, and urine P output (g/d) linearly increased (P < 0.001)
as dietary Ca increased (Table 3-4). Digested and retained P (g/d) increased (P < 0.001) as
dietary Ca and P concentration increased. The ATTD and retention of P (%) linearly increased
(P < 0.05). with increasing concentration of dietary Ca and P.
Exp. 2
One barrow from DCP treatment with 0.60% Ca was removed from the trial because of
feed refusal during the collection period. The increasing Ca concentration of each Ca source
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linearly increased (P < 0.001) Ca intake, Ca fecal output, and digested Ca (g/d). The ATTD of
Ca was not affected by the Ca concentration. The ATTD of Ca in limestone, DCP and mixed
diet were 66.46, 70.34, and 69.32%, respectively, and these values were not different.
The estimates of ECaL are presented in Table 3-5. None of the endogenous Ca
estimates was different from zero. The overall ECaL was 134 mg/d. The TTTD of Ca
determined for limestone, DCP, and their mixed diet were 70.06, 76.42, and 73.72%,
respectively, and no difference in TTTD of Ca was observed between Ca sources. The Ca
contribution coefficient for the mixed diet was 0.59 from limestone, and 0.41 from DCP. Hence,
the expected TTTD and ATTD of Ca in the mixed diet was predicted to be 72.67% and 68.05%,
respectively (Table 3-5). Based on the t-test, the predicted Ca TTTD in the mixed diet at 72.67%
was not statistically different from the determined Ca TTTD at 73.72% (P = 0.80). However,
predicted Ca ATTD in the mixed diet at 68.05% showed a trend to be different from the
determined Ca ATTD at 69.32% at P = 0.09. Thus, the values of ATTD of Ca may not be
additive in the mixed diet (P = 0.09).

3.5

Discussion

From previous AA and P digestibility studies, it is known that concerns in using
apparent digestibility of nutrients in diet formulation include ingredient inclusion rate effects
on apparent digestibility values of ingredients, and the violation of the nutrients additivity
assumption in mixed diets (Fan et al., 1994; Ajakajye et al., 2003; Stein et al., 2007; Zhai and
Adeola, 2013b). For example, Fan et al. (1994) reported that there were quadratic relationships
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between dietary soybean meal concentration, and the corresponding apparent ileal digestibility
of AA. Ajakaiye et al. (2003) also found that as dietary soybean meal concentration increased,
there were linear increases in apparent ileal and fecal P digestibility values of SBM. In addition,
the lack of additivity of values for apparent ileal digestibility of AA and ATTD of P in mixed
diets also have been reported in many different papers. These papers also indicated that
endogenous loss correction of apparent digestibility improves additivity in a mixed diet (Zhai
and Adeola, 2013b; Xue et al., 2014), especially when ingredients with a relatively low nutrient
concentration are used (Stein et al., 2005). Hence, two experiments were conducted to
investigate if ATTD gives different estimate values for Ca digestibility of ingredients, and to
compare the additivity between TTTD and ATTD of Ca.

The calcitic limestone and DCP used in Exp.1 and Exp. 2 were from the same batch.
The analyzed concentration of Ca in limestone used in these experiments was 36.4%, which is
in the range of previous published data between 33.5 and 42.0% (Wang et al., 2014; Anwar et
al., 2016; 2017). The concentration of Ca in DCP used in this study was 25.3%, which is higher
than recently published data range from 20.88 to 22.72 (Baker et al., 2013; González-Vega et
al., 2015b; Kwon and Kim, 2017). The variation in Ca concentration arises from commercially
available DCP being a blend of monocalcium phosphate, DCP, and unreacted calcium
carbonate (González-Vega et al., 2015b).
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Exp. 1

In this experiment, the dietary Ca concentration ranges from 0.51 to 0.90, which is
between 73 to 129% of the requirement for 11- to 25-kg pigs (NRC, 2012). The majority of Ca
in the pig’s diet is from the limestone or DCP, the Ca from corn and corn gluten meal
contributed less than 2% in each diet. The ATTD of Ca in DCP (71.88 - 76.27%) are close to
the value reported previously (González-Vega et al., 2015b). However, the ATTD of Ca in
limestone (74.43 - 76.67%) are higher than previously reported for calcium carbonate (Stein et
al., 2011; González-Vega et al., 2015b; Zhang et al., 2016), which is inconsistent with previous
observations that the bioavailability of Ca in calcitic limestone is similar to that of calcium
carbonate (Ross et al., 1984). This may be due to different basal diets used in the various studies.
A corn-corn gluten meal-cornstarch-diet was used in the current study. Compared with cornsoybean meal-based diets used in other studies mentioned above. The basal diet used in this
study had lower dietary phytate concentration than that of other studies. The polyanionic
phytate molecule from plant ingredients could chelate up to 6 atoms of Ca and form Ca-phytate
complex, which could reduce Ca digestibility (Selle et al., 2009; González-Vega et al., 2015b).
This inference was also indicated in a recent study from Liu et al. (2014), which indicated that
pigs fed corn grits diets had higher ATTD of Ca than that of pigs fed a corn-soybean meal
based diet, due to a higher level of phytate in the corn-soybean meal diet than in the corn grits
diet. However, in the study of González-Vega et al. (2015a), the determined digestibility of Ca
in fish meal was greater in a corn-based diet with higher phytate concentration compared with
a cornstarch-based diet. This result indicates that besides phytate, it is possible that the soluble
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fiber concentration may also affect Ca digestibility. Hence, the basal diet should be considered
when comparing Ca digestibility from different experiments, and more studies are needed to
investigate how basal diets could affect the Ca digestibility, including phytate, fiber type, and
fiber concentration.

The determined ATTD of Ca in limestone and DCP indicated that Ca ATTD Ca are not
affected by the concentration of Ca in the diet. This observation is in agreement with previous
data reporting that the ATTD of Ca in calcium carbonate was not affected by dietary Ca
concentration of Ca, which may be due to the compensation that occurs between active Ca
transport and passive Ca transport (Stein et al., 2011). To maintain a constant total Ca:total P
across all diets, potassium phosphate was added to the diets to adjust the P concentration. The
fact that the ATTD of Ca was not different across diets indicates that there are no significant
effects of P concentration on Ca ATTD when P is below the requirement (5.43 g/d total P;
NRC, 2012), which is consistent with previous observations that P concentration ranged
between 26 to 147% of requirement has limited effects on the ATTD of Ca (Stein et al., 2008).

The results also showed that Ca retention linearly increased as limestone was added
into diets even exceeding the recommendation in NRC (2012). The retention of Ca was
expected to increase when Ca intake was below the requirement, and decrease when Ca intake
was above the requirement. The highest Ca concentration used in this experiment was 29%
higher than the recommended requirement of total Ca for 11-25 kg pigs (NRC, 2012). However,
due to restricted feed intake, the total Ca intake per day was still less than the recommendation
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(6.34 g/d total Ca; NRC, 2012). The linear response in Ca retention was not observed in DCP
treatments. The reason why different responses were observed for two ingredients is not clear.
For Ca to be retained in the body, an optimal amount of P needs to be provided. Although P
was provided from potassium phosphate and DCP, no difference in retained P (g/d) was
observed. Further studies are needed to explain this observation.

For P digestibility and balance, the ATTD of P linearly increased as Ca and P
concentration increased, which is in agreement with our previous observation (Zhang et al.,
2016). One reason for the observation is because the inclusion level of inorganic P increased
as Ca concentration increased. As a result, a greater proportion of P in the diet was of inorganic
origin, which increased from 83 to 98%. Due to a higher P digestibility in inorganic sources
compared with corn and corn gluten meal, the dietary ATTD of P increased. Besides, it is
possible that the increased dietary inclusion level of P reduced the relative proportion of
endogenous P to the total P digesta flow, which increased the determined apparent digestibility.
The P intake in the current experiment was below the daily requirement of P suggested in the
NRC (2012), hence it is expected that retention of P would be linearly increased as the P and
Ca intake increase when the concentration is lower than the requirement.

Exp. 2

Regression method has been widely used to estimate the true digestibility of AA and P,
as well as endogenous losses of AA and P (Fan and Sauer, 1997; Dilger and Adeola, 2006;
Zhai and Adeola, 2013b). González-Vega et al. (2013) also used the regression method to
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determine endogenous losses of Ca in pigs as well as the TTTD of Ca in canola meal. In the
current experiment, limestone and DCP were evaluated for TTTD of Ca using semi-purified
diets. To our knowledge, the TTTD of Ca in limestone and DCP have not been reported. The
results indicated that the combination of regression method and total collection is a robust
approach to determine the Ca digestibility in pigs (Table 3-5).

Because of the low Ca contribution from corn and corn gluten meal (< 0.2%) in Exp. 2,
the average value of the three dietary ATTD of Ca within each Ca source was used as the
ATTD of Ca from limestone, DCP, and mixed diet, respectively. The concentration of corn
and corn gluten meal in Exp. 2 were higher than in Exp.1, which led to a higher phytate
concentration. As described above, by forming Ca-phytate complex with Ca, phytate could
reduce the Ca digestibility (Selle et al., 2009). This may partly explain why the determined
ATTD of Ca in limestone and DCP were lower than the determined values for limestone and
DCP in Exp. 1, even though the ingredients were from the same batch.

Consistent with Exp.1, there was no difference in Ca ATTD between limestone and
DCP. This observation is different from the results of González-Vega et al. (2015b), where
pigs fed monocalcium phosphate and DCP had the greater ATTD of Ca compared with calcium
carbonate. Consistently, the concentration of Ca had no effects on ATTD of Ca in each Ca
source, when all dietary Ca concentrations were lower than the Ca requirement (57-86% of
requirement; NRC, 2012). Whereas, González-Vega (2013) reported that the ATTD of Ca
values in canola meal were influenced by inclusion level of canola meal, when used as the sole
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dietary Ca source. This indicated that the contribution of endogenous Ca in digesta flow could
significantly affect the determined Ca ATTD of lower digestible Ca ingredients. However, for
inorganic Ca sources, they could provide a considerable amount of digestible Ca, which could
limit the contribution of endogenous Ca, as well as its effect on ATTD values. Although the Pvalue for the effect of Ca concentration on ATTD of Ca were not significant in either Exp.1 or
Exp. 2, the P-values (0.11 and 0.17, respectively) indicated that there is a risk that the ATTD
may give different values when the inclusion of Ca ingredients varies. Therefore, correction
of endogenous losses of Ca is still recommended.

The determined daily endogenous losses of Ca in the current experiment was between
0.11 to 0.159 g. These are lower than estimate by by Fernández (1995), which varied from
0.14 to 0.8 g/d determined by isotope dilution technique; and slightly higher than the values of
0.11 to 0.13 g reported by González-Vega et al. (2013) using the regression method.
Considering the pigs in our experiment had a greater BW than González-Vega et al. (2013),
and different experimental diets were used, the difference appears plausible and regression
method is a reliable technique to determine endogenous Ca losses for pigs ranged from (Dilger
and Adeola, 2006). The endogenous losses of current experiment was between 0.217 to 0.321
g/kg DM intake. These values are also close to the basal endogenous losses of Ca determined
by the Ca-free diets. In the study of González-Vega et al. (2015a), the basal endogenous losses
of Ca were determined to be 0.22 and 0.396 g/kg DMI with a cornstarch-potato protein isolatesucrose diet and a corn-potato protein isolate diet, respectively.
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The respective ATTD of Ca in limestone, DCP and mixed diet were 66.46, 70.34, and
69.32%, which were not statistically different. The determined TTTD of Ca for limestone, DCP,
and mixed diet were 70.06, 76.42, and 73.72%, respectively. As in ATTD, no difference was
observed between these values when compared by confidence intervals derived from each
regression coefficient. In addition, no difference was observed between the values of TTTD
and ATTD for each ingredient. This result is different compared with the previous report that
TTTD values of Ca in canola meal are different from ATTD values (González-Vega et al.,
2013). Perhaps the difference is due to the different Ca contents of the ingredients used in these
two experiments. Compared with inorganic Ca sources, canola meal is lower in Ca. As a result,
the endogenous Ca accounts for a larger proportion of Ca in the digesta flow for canola meal,
as well as a greater difference between ATTD and TTTD.

The predicted TTTD of Ca in the limestone and DCP mixed diet was predicted as 72.67%,
which is not different from the determined TTTD of Ca (73.72%). This result showed that the
values of TTTD of Ca are additive in a semi-purified diet. The additivity of ATTD of Ca in the
mixed diet was also tested. The same t-test was performed between the determined ATTD of
Ca in the limestone and DCP mixed diet (69.32%) and the predicted ATTD of Ca in the mixed
diet (68.05%) and there was a trend (P = 0.09) that ATTD of Ca may not be additive in the
mixed diet. This result is consistent with previous reports that the apparent digestibility for
complete diets predicted from apparent digestibility of each ingredient underestimates apparent
digestibility of CP, AA, and P for growing pigs (Stein et al., 2005; Zhai and Adeola, 2013b;
Xue et al., 2014). This underestimation could be due to the contribution of endogenous losses

75
of Ca to the total flow of Ca in the intestinal tract. It is reasonable to speculate that lower
predicted values for ATTD of Ca in diets could be obtained from low-Ca ingredients that may
reduce additivity.

In the current experiments, total P intake, output, and digested increased with dietary P
concentrations. The ATTD of P was also increased as Ca concentration increased. This was
mainly due to the increasing proportion of inorganic P. The effects of Ca source were also
observed for P output, digested P, and ATTD of P. The P outputs in DCP treatment were higher
than that in limestone and the mixed diet. The digested and ATTD of P were lower in the DCP
treatment, compared with those in limestone and the mixed diet. This may due to the different
digestibility of inorganic P sources in the diets. The main P source was potassium phosphate
in the limestone diets, and DCP in the DCP diets. To compare the P digestibility between
potassium phosphate and DCP, P intake was regressed against the digested P of the limestone
and DCP diets (Data not shown). The TTTD of P in potassium phosphate was 87.95%, which
is lower than sodium phosphate (monobasic) with 93.8% of standardized total tract digestibility
(STTD) of P (NRC, 2012). To our knowledge, it is the first time the P digestibility of potassium
phosphate in pigs being reported. The TTTD of P in DCP was 83.36% (assuming the influence
of potassium phosphate in DCP treatment is negligible), which is slight higher than the NRC
(2012) STTD of P in DCP (81.4%), and higher than the TTTD of P in monocalcium phosphate
(67.5%) determined in our lab (Zhai and Adeola, 2013a). As a result, the digestibility of P in
the DCP treatment was lower than in other diets.
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3.6

Conclusion

In summary, even though the results imply that dietary Ca concentration from
limestone and DCP did not affect the values of ATTD of Ca in each ingredient, the TTTD of
Ca was more additive than the ATTD of Ca in a semi-purified mixed diet. Hence, TTTD is
recommended for expressing digestible Ca in diets. Furthermore, the TTTD of Ca in
limestone and DCP were determined at 70.06 and 76.42%, respectively.

3.7
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Table 3-1 Ingredient composition of experimental diet for pigs in Exp. 1
Limestone
Dietary Ca concentration,
Ingredients, g/kg
Corn
Corn gluten meal
Cornstarch
Sucrose
Soy oil
Limestone
Dicalcium phosphate
Potassium phosphate
Salt
Potassium carbonate
Vitamin premix1
Mineral premix2
Selenium premix3
Analyzed composition, %
DM
CP
GE, kcal/kg
Calcium
Phosphorus
Total calcium: total

Dicalcium phosphate

5.4

7.4

9.4

5.4

7.4

9.4

100.0
100.0
645.2
100.0
15.0
14.6
18.2
4.0
1.5
1.0
0.5

100.0
100.0
631.2
100.0
15.0
20.1
26.7
4.0
1.5
1.0
0.5

100.0
100.0
617.2
100.0
15.0
25.6
35.2
4.0
1.5
1.0
0.5

100.0
100.0
646.6
100.0
15.0
21.3
4.0
10.1
1.5
1.0
0.5

100.0
100.0
638.0
100.0
15.0
29.2
1.3
4.0
9.5
1.5
1.0
0.5

100.0
100.0
629.6
100.0
15.0
37.1
2.5
4.0
8.8
1.5
1.0
0.5

88.55
7.03
3,846
0.52
0.48
1.08

88.28
6.91

88.68
6.75
3,694
0.88
0.81
1.09

0.72
0.55
1.31

1

88.27
7.12
3,751
0.51
0.43
1.20

88.40
7.06
3,655
0.68
0.61
1.11

88.52
6.87
3,549
0.90
0.80
1.13

Vitamin premix supplied per kilogram of diet: vitamin A, 2423 IU; vitamin D3, 242 IU; vitamin E,
17.6 IU; vitamin K activity, 2.4 mg; menadione, 804 μg; vitamin B12, 14.1 μg; riboflavin, 2.8 mg; Dpantothenic acid, 9 mg; and niacin, 13 mg.
2
Mineral premix supplied per kilogram of diet: Cu (as copper sulfate), 9 mg; I (as calcium iodate),
0.34 mg; Fe (as ferrous sulfate), 97 mg; Mn (as manganese oxide), 12 mg; and Zn (as zinc oxide), 97
mg.
3

Supplied 300 μg of Se per kilogram of diet.

Table 3-2 Ingredient composition of experimental diet for pigs in Exp. 2
Dietary Ca concentration,
g/kg

Ingredients, g/kg
Corn
Corn gluten meal
Cornstarch
Sucrose
Soy oil
Limestone
Dicalcium phosphate
Potassium phosphate
Salt
Potassium carbonate
Vitamin premix1
Mineral premix2
Selenium premix3
Analyzed composition, %
DM
CP
GE, kcal/kg
Calcium
Phosphorus
Total calcium: total
1, 2, 3
The same as in Table 3-1.

Limestone

Dicalcium phosphate

Mixed diet

4.0

5.0

6.0

4.0

5.0

6.0

4.0

5.0

6.0

200.0
200.0
450.1
100.0
15.0
10.9
13.0
4.0
4.0
1.5
1.0
0.5

200.0
200.0
445.8
100.0
15.0
13.7
17.0
4.0
1.5
1.5
1.0
0.5

200.0
200.0
440.5
100.0
15.0
16.5
21.0
4.0
1.5
1.0
0.5

200.0
200.0
451.2
100.0
15.0
15.8
4.0
11.0
1.5
1.0
0.5

200.0
200.0
446.8
100.0
15.0
19.8
0.7
4.0
10.7
1.5
1.0
0.5

200.0
200.0
442.5
100.0
15.0
23.8
1.4
4.0
10.3
1.5
1.0
0.5

200.0
200.0
450.4
100.0
15.0
6.5
6.5
7.6
4.0
7.0
1.5
1.0
0.5

200.0
200.0
446.2
100.0
15.0
8.1
8.1
10.6
4.0
5.0
1.5
1.0
0.5

200.0
200.0
442.0
100.0
15.0
9.7
9.7
12.6
4.0
4.0
1.5
1.0
0.5

91.11
14.68
4,028
0.47
0.51
0.93

91.15
14.87
4,021
0.61
0.62
0.99

91.02
15.03
4,058
0.47
0.50
0.94

91.08
14.59
4,015
0.60
0.59
1.00

91.03
15.37
4,095
0.39
0.43
0.91

91.46
15.32
4,060
0.49
0.51
0.97

91.00
15.32
4,089
0.41
0.40
1.03

90.70
15.45
4,072
0.42
0.43
0.97

91.58
15.11
4,033
0.61
0.62
0.98
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Table 3-3 Dietary calcium (Ca) and phosphorus (P) balance and apparent total tract digestibility (ATTD) of Ca and P in Exp. 11
Limestone
Item
Dry matter intake, g/d

5.4

7.4

Dicalcium phosphate
9.4

5.4

7.4

SEM

9.4

P-value
Source

Level

Source×
level

L2

L3

531

529

535

523

528

530

4.2

0.53

0.24

0.73

0.56

0.29

Ca intake, g/d

3.13

4.34

5.32

3.34

4.06

5.4

0.13

0.593

<0.001

0.586

<0.001

<0.001

Fecal Ca output, g/d

0.80

1.09

1.23

0.91

1.15

1.28

0.081

0.576

<0.001

0.750

0.001

0.003

Digested Ca, g/d

2.33

3.25

4.1

2.43

2.91

4.11

0.13

0.849

<0.001

0.722

<0.001

<0.001

Urine Ca output, g/d

0.29

0.19

0.22

0.19

0.33

0.45

0.049

0.008

0.045

0.001

0.38

0.001

Retained Ca, g/d

2.04

3.06

3.87

2.25

2.58

3.66

0.14

0.264

<0.001

0.146

<0.001

<0.001

ATTD of Ca, %

74.43

74.81

76.67

72.63

71.88

76.27

1.79

0.527

0.11

0.699

0.39

0.16

Ca retention, % of intake

65.10

70.40

72.50

66.65

63.85

67.92

2.26

0.352

0.062

0.182

0.03

0.70

P intake, g/d

2.90

3.31

4.89

2.54

3.67

4.77

0.082

0.14

<0.001

0.169

<0.001

<0.001

Fecal P output, g/d

0.80

0.65

0.91

0.78

1.05

1.11

0.090

0.54

0.019

0.223

0.39

0.011

Digested P, g/d

2.10

2.66

3.99

1.76

2.61

3.66

0.10

0.52

<0.001

0.978

<0.001

<0.001

Urine P output, g/d

0.15

0.22

0.25

0.15

0.16

0.19

0.004

<0.001

<0.001

<0.001

<0.001

<0.001

Retained P, g/d

1.94

2.44

3.73

1.61

2.45

3.47

0.11

0.43

<0.001

0.759

<0.001

<0.001

ATTD of P, %

72.26

80.32

81.52

69.87

70.89

76.66

2.53

0.91

0.002

0.627

0.014

0.066

P retention, % of intake

66.92

73.55

76.32

63.99

66.50

72.71

2.47

0.72

0.001

0.890

0.012

0.019

Ca utilization

P utilization

1

Data are least squares mean of 8 observations.
Linear and quadratic effect of limestone.
3
Linear and quadratic effect of dicalcium phosphate.
2
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Table 3-4 Dietary calcium (Ca) and phosphorus (P) intake, fecal Ca and P output, and apparent total-tract digestibility (ATTD) of Ca and P in Exp. 2
Limestone

Dicalcium phosphate

Mixed diet

P-value
SD

Item
Number of observations
Dry matter intake, g/d

4.0

5.0

6.0

4.0

5.0

6.0

4.0

5.0

6.0

8

8

8

8

8

7

8

8

8

505

506

476

511

486

521

500

511

489

Source

Linear

Source× level

effect1

11.6

0.54

0.31

0.07

Ca digestibility
Ca intake, g/d

2.55

3.10

3.44

2.33

2.52

3.40

2.57

3.18

3.57

0.23

0.25

<0.001

0.62

Fecal Ca output, g/d

0.86

1.04

1.12

0.69

0.76

0.97

0.82

0.96

1.06

0.12

0.40

<0.001

0.88

Digested Ca, g/d

1.68

2.05

2.31

1.64

1.75

2.42

1.75

2.21

2.51

0.20

0.50

<0.001

0.55

3.49

0.57

0.17

0.75

0.19

0.31

<0.001

0.08

0.09

<0.001

0.001

0.24

ATTD of Ca, %

66.0

66.1

67.3

70.5

2.84

3.22

2.40

69.4

71.1

67.9

3.40

2.33

69.7

70.3

P digestibility
P intake, g/d
Fecal P output, g/d

1

2.20
0.56

0.66

0.66

0.78

2.69
0.80

0.93

0.69

2.82
0.68

3.32
0.76

Digested P, g/d

1.64

2.18

2.56

1.62

1.89

2.47

1.64

2.14

2.56

0.17

0.017

<0.001

0.18

ATTD of P, %

74.32

76.73

79.56

67.57

70.17

72.65

70.21

75.72

77.13

3.28

<0.001

<0.001

0.68

P-values for quadratic effect were all > 0.10 and thus not presented.
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Table 3-5 Linear relationship between total tract calcium (Ca) digested (g/d) and dietary Ca intake (g/d), as-fed basis
Item

Limestone

Dicalcium phosphate

Mixed diet

y = 0.7003x - 0.1034

y = 0.7642x - 0.1603

y = 0.7372x - 0.1324

SE of the slope

0.0517

0.0398

0.0424

SE of the intercept

0.1586

0.1103

0.1338

r2

0.89

0.95

0.93

Estimate of endogenous Ca loss, g/d

0.103

0.160

0.132

Estimate of true total tract Ca digestibility, %1

70.06

76.42

73.72

Estimate of apparent total tract Ca digestibility, %

66.46

70.34

69.32

24

23

24

Regression equation

Number of observations
Determined true total tract digestibility of Ca in mixed diet, %

73.72

Predicted true total tract P digestibility of Ca in mixed diet, %2

72.67

Determined apparent total tract digestibility of Ca in mixed diet, %

69.32

Predicted apparent total tract P digestibility of Ca in mixed diet, %3

68.05

1

The estimates of true total tract Ca digestibility compared using confidence interval were not different among limestone, dicalcium phosphate, and
mixed diet.
2
Predicted true total tract Ca digestibility was not significantly different from the determined (P-value = 0.80).
3
Predicted apparent total tract Ca digestibility was not significantly different from the determined (P-value = 0.09)
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TRUE ILEAL DIGESTIBILITY OF CALCIUM IN
LIMESTONE AND DICALCIUM PHOSPHATE ARE ADDITIVE
FOR CHICKENS IN A SEMI-PURIFIED DIETS

4.1

Abstract

The experiment was conducted to test whether true ileal digestibility (TID) for Ca in
limestone and dicalcium phosphate (DCP) are additive in a mixed diet for Ross 708 broiler
chickens from d 22 to 27 post hatch . The birds were fed a standard broiler starter diet from d
1 to 22 post hatching. A total of 504 birds were grouped by BW into 8 blocks of 9 cages with
7 birds per cage and assigned to 9 dietary treatments in a 3 × 3 factorial arrangement of 3 Ca
sources including limestone, DCP, and 1:1 mixture of limestone and DCP, and 3 dietary Ca
concentrations (3.3, 4.3, and 5.3 g/kg). Potassium phosphate was added to adjust the dietary P
concentration and maintain a 1.1:1 total Ca:non-phytate P ratio. The results showed that Ca
intake, ileal Ca digested, and Ca retained were linearly increased as Ca concentration increased
(P < 0.001). No Ca concentration effect was observed on apparent ileal digestibility of Ca (P
= 0.13). By regressing digested Ca per bird against Ca intake per bird, the TID of Ca was
determined to be 63.73, 67.14, and 67.79% for limestone, DCP, and their combination in a
mixed diet, respectively. The expected TID for Ca in the mixed diet was predicted to be 65.13%
based upon the Ca contribution coefficient of 0.59 for limestone and 0.41 for DCP. The
predicted TID of Ca (65.13%) in the mixed diet was not statistically different from the
determined TID of Ca (67.79%). In conclusion, the TID of Ca in limestone and DCP are
additive in a mixed diet for chickens.

Key words: additivity, calcium, chickens, true ileal digestibility

86
4.2

Introduction

Calcium and P are both macrominerals in the body with numbers of essential functions.
However, more efforts have been made on estimating P utilization of feed ingredients
compared with that of Ca. Recently, there is an increasing interest of determining Ca
digestibility for feed ingredients for poultry due to the attention of interaction between Ca, P,
and phytase (Anwar et al., 2016b). Previous studies have shown that high dietary Ca
concentration could reduce P utilization, as well as the efficiency of phytase (Applegate et al.,
2003; Liu et al., 2013). Hence, diets should be accurately formulated to meet Ca requirements,
which requires accurate information of Ca availability in feed ingredients.
The relative bioavailability determined by slope-ratio method has been historically used
to describe Ca availability historically ( Kiarie et al., 2009). One challenge of this method is
that the Ca from a reference standard, such as calcium carbonate, is assumed to be 100%
digestible (Kiarie et al., 2009). However, Ca digestibility of calcium carbonate ranges between
60 and 76% in pigs from different studies (Stein et al., 2011; Zhang et al., 2016). As a result,
the variation in the reference standards used in the relative bioavailability assay can leads to
considerable variation for the determined bio-available Ca values of test ingredients(Soares,
1995).
Recently, it is recommended to move towards using Ca digestibility values in diet
formulation. Direct method, difference method, or regression method can be applied to
estimate nutrients digestibility (Kong and Adeola, 2014). The regression method has been used
in many experiments to determine the true digestibility of AA and P (Rodehutscord et al., 2004;

87
Dilger and Adeola, 2006; Anwar et al., 2015), and Ca digestibility of meat and bone meal in
chickens (Anwar et al., 2015).
The additivity hypothesis assumes that the amount of dietary digestible nutrients equals
the sum of digestible nutrients obtained from each feed ingredient (Angkanaporn et al., 1996).
However, there is limited information that has shown the additivity of Ca digestibility in
poultry diets. Therefore, the objective of the current study was to determine the true ileal
digestibility (TID) of Ca in limestone and dicalcium phosphate (DCP) and test if TID of Ca in
these ingredients are additive for chickens in mixed diets.

4.3

Materials and Methods

All protocols used in the study were approved by the Purdue University Animal Care and
Use Committee.
4.3.1

Diets and Experimental Design

Limestone (calcitic) and DCP were ground to pass through 0.5 mm sieve to ensure
uniform particle size. Experimental diets consisted of 9 dietary treatments in a 3 × 3 factorial
arrangement of 3 Ca sources including limestone, DCP, or 1:1 mixture of limestone and DCP,
in 3 dietary Ca concentrations (3.3, 4.3, and 5.3 g/kg, Table 4-1), which were below the
recommended dietary Ca requirement for broiler finisher diets (NRC, 1994). Chromic oxide
(5g/kg of diet) was added to all diets as an indigestible marker. Potassium phosphate was
supplemented to adjust the dietary P level and maintain a 1.1:1 total Ca: non-phytate P ratio at
the expense of cornstarch. Potassium carbonate was included to maintain similar dietary
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potassium concentrations and electrolyte balance across diets to limit the possible influence
from the different dietary electrolyte balance among diets.
4.3.2

Birds and Management

Male broiler chicks (Ross 708, Aviagen, Huntsville, AL) were obtained at 1 d of age from
a commercial hatchery. All birds were individually tagged with identification numbers and
provided ad libitum access to water and the standard starter broiler diet, which was the same
starter diet used in Zhang and Adeola (2016), from d 1 to 22 post-hatch. Birds were reared in
electrically heated battery brooders and the temperature was kept at 35, 31 and 27◦C from d 1
to 8, d 8 to 15, and d 15 to 27 post-hatch, respectively, with 23 h light:1 h darkness. During the
starter period, the average BW of d 1 and d 22 post hatching were 36 and 760 g respectively.
On d 22, a total of 504 birds were sorted by weight and allocated to 9 experimental diets in a
randomized complete block design. The birds were allocated to experimental diets in such a
way that the initial BW was not different across diets. Each experimental diet was replicated 8
times with 7 birds per replicate cage.

Excreta were collected from d 24 to 27 post hatch. During collection, waxed paper was
placed under the cages and excreta on the waxed paper were collected twice daily. The
collected excreta samples were pooled per cage over a 3-d period and stored in a freezer at 20◦C until dried and ground for analyses. On d 27 post hatching, birds were weighed
individually and feeder weight per cage was recorded. All birds were euthanized by CO2
asphyxiation. Ileal digesta was collected from distal two-thirds of the Meckel’s diverticulum

89
to ileocecal junction. Ileal digesta from birds in the same cage were flushed with distilled water
into plastic containers and stored at -20◦C until dried and ground.
4.3.3

Chemical Analyses

Excreta and ileal digesta samples were placed in a forced-air oven at 55◦C for 96 h. Excreta
samples were subsequently ground to pass through a 0.5-mm screen in a grinder (ZM 200,
Retsch GmbH, Haan, Germany) and ileal digesta samples were finely ground using a coffee
grinder. Diets, excreta, and ileal digesta were analyzed for DM by drying in an oven for 24 h
at 105◦C (Precision Scientific Co., Chicago, IL; method 934.01; AOAC, 2006). All samples
were digested in concentrated nitric acid and 70% perchloric acid (Fenton and Fenton, 1979),
and analyzed for Cr (Spectra Count, model AS1000, Packard, Meriden, CT). Calcium
concentration in samples after wet digestion was determined using an atomic absorption
spectrophotometer (AAnalyst 300; Perkin Elmer, Norwalk, CT; method 985.01; AOAC 2006).
Concentration of P was also determined by spectrophotometry at 620 nm (Spectra Count,
model AS1000, Packard, Meriden, CT; AOAC 2006). Feed samples were analyzed for nitrogen
content by the combustion method (TruMac N analyzer; Leco Corp., St. Joseph, MI), and gross
energy content by isoperibol bomb calorimetry using a Parr 1261 calorimeter (PARR
Instrument Co., Moline, IL).
4.3.4

Calculations and Statistics

All analyzed values were expressed as g/kg DM. The apparent ileal digestibility of Ca
(AIDCa, %) was calculated using the index method according to the following equation:

90
AIDCa = [1 – (Cri/Cro) × (Cao/Cai)] × 100

where Cri and Cro represent Cr concentration of dietary intake and digesta output, respectively;
Cai and Cao represent Ca concentration of dietary intake and digesta output, respectively. The
equation was also used for P digestibility calculation with P by replacing Ca.

Calculation of apparent ileal digested Ca (CaD, g/bird) utilized the AID of Ca and recorded
DM feed intake (FI, g/bird) of each cage:

CaD = (FI × Cai) × AIDCa/100

The CaD was used to regress against Ca intake (CaI, g/bird; calculated as FI × Cai) for diets
within each Ca source using the following model:

CaD = (TID × CaI) − ECaL,

where TID (%) is the slope of the regression × 100; and ECaL (g/bird) is the negative
intercept of the regression; CaD and CaI represent the dependent and independent variables,
respectively.

The predicted TID of Ca in the mixed diet of limestone and DCP (TIDPM, %) were derived
with the following equation:

TIDPM = TIDL × CL + TIDD × CD,

where CL and CD are the Ca contributed by limestone and DCP, respectively to the mixed
diet; TIDL and TIDD represent determined TID of Ca in limestone and DCP, respectively.
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Cage served as the experimental unit for all statistical analyses. All the data were analyzed
as a randomized complete block design in a factorial arrangement using the GLM procedures
of SAS (SAS Inst, Inc., Cary, NC). Linear and quadratic contrasts were used to determine
effects of dietary Ca concentration on growth performance, digestibility, and retention of Ca
and P. Least squares means were calculated and an alpha level of 0.05 was considered
significant. Calcium source effects were separated using Tukey’s adjustment. Regression
coefficients were compared between Ca sources by the confidence intervals derived from
standard errors of regression coefficients. To test whether the determined TID of Ca (TIDDM)
is different from the predicted TID of Ca in the mixed diet (TIDPM), a 2-tailed, 1-sample t-test
was performed with the null hypothesis being H0: TIDDM ≠ TIDPM and Ha: TIDDM = TIDPM as
follows
t = ( ̅ – μ) / SE,
where the TIDDM of Ca was taken as the sample mean ( ̅ ) and TIDPM of Ca as the population
mean (μ). The equations above were also used to test for additivity of AID of Ca in mixed diet
with AID replacing TID.

4.4

Results

Analyzed dietary Ca concentrations were close to calculated values, except for the mixed
diet containing limestone and DCP and formulated to contain 3.3 g/kg Ca (Table 4-1). The
total Ca:non-phytate phosphorus ratio were similar across the diets. One cage of ileal utilization
of Ca and P from the dietary treatment of limestone with 5.3 g/kg and mixed diet with 3.3 g/kg
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each was treated as a missing value because of the limited amount of ileal digesta samples
collected.

There was a trend for BW gain (P = 0.067; g/bird) to linearly increase as the dietary Ca
concentration increased during the experimental period (Table 4-2). The Ca intake and ileal Ca
digested (g/bird) were also linearly increased (P < 0.001) as dietary Ca concentration increased.
However, dietary Ca concentration did not affect the AID of Ca (P = 0.13). An effect of source
was observed for Ca AID (P = 0.046). The Ca AID of limestone was lower than that of DCP
or the mixed diet. As dietary Ca concentration increased, P intake and ileal P digested linearly
increased (P < 0.001, Table 4-3). In addition, the AID of P was different among different Ca
source treatments (P = 0.030), and was linearly increased (P = 0.036) as dietary Ca
concentration increased.

The determined TID of Ca source is presented in table 4-4. The overall average of ECaL
was 0.118 g/bird, and none of the endogenous Ca estimates was significantly different from
zero. The TID of Ca determined for limestone, DCP, and their mixed diet were 63.73, 67.14,
and 67.79%, respectively. No difference in TID of Ca was observed between Ca sources by
comparing the confidence intervals. Because the Ca contribution coefficient in the mixed diet
was calculated to be 0.59 and 0.41 for limestone and DCP, respectively, the expected TID of
Ca in the mixed diet was predicted to be 65.13. The predicted TID of Ca was not statistically
different from the determined TID of Ca at 67.79% (P = 0.63).
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4.5

Discussion

Because the relatively low Ca concentration in most plant sources, inorganic sources such
as limestone and DCP are supplemented in chicken diets to provide Ca. Calcium digestibility
of ingredients can be expressed as apparent, standardized, or true digestibility (Zhang and
Adeola, 2017b). Apparent digestibility of nutrients is influenced by nutrients’ concentrations
and violation of the additivity assumption in chickens and pigs (Stein et al., 2005; Zhai and
Adeola, 2013). True digestibility of P and Ca derived by regression method have been reported
to have better additivity in pig diets (Zhai and Adeola, 2013; Zhang and Adeola, 2017a). Hence,
this study was designed to test Ca TID additivity in mixed diets for broiler chickens.

The calcitic limestone and DCP used in the current experiment were from the same batch
used in the previous pig study (Zhang and Adeola, 2017a). The analyzed Ca in limestone and
DCP was 36.4 and 25.3%, respectively. Because the nutrients concentration should not exceed
the nutrient requirements of the animals, dietary Ca concentrations were all below the Ca
requirement of the chickens. The majority of Ca in all diets was from limestone, DCP, or
mixture of limestone and DCP, with limited contribution from corn and corn gluten meal (less
than 30 g/kg). The determined AID of Ca in limestone ranged between 56.26 and 61.85%,
which are close to the value reported by Anwar et al. (2016c), in which the AID of Ca in
limestone from three commercial sources were determined. Limited information about Ca
digestibility in DCP was available for broiler chickens. The AID of Ca in DCP determined in
the current experiment ranged from 61.15 to 64.67%, which is greater than that of limestone.
The different Ca digestibility between limestone and DCP in chickens may be because the Ca
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in DCP is a result of the reaction between calcium carbonate and phosphoric acid, which is
more soluble and digestible compared to limestone (González-Vega et al., 2015b). However,
this observation is different from the results of Zhang and Adeola (2017a), who reported no
difference in ATTD of Ca between limestone and DCP in pigs. This difference may be due to
the lower pH, and longer retention time in the gastric compartment of pigs, which limited the
influence of the different solubilities of Ca between limestone and DCP (LetourneauMontminy et al., 2011).

A study from Anwar et al. ( 2015) indicated that there was a trend that the determined AID
of Ca in meat and bone meal were linearly increased as dietary Ca concentration increased.
This is mainly because, compared with diets with greater concentrations of Ca, the endogenous
Ca losses contribute relatively more to the total flow of Ca in digesta in the diets with lower
Ca concentration. As a result, a lower value of AID was determined for the ingredient with a
lower inclusion level. In the current experiment, the AID of Ca was not affected by the dietary
Ca concentration. Similar results were also observed for pigs, in which Ca digestibility was not
affected by the Ca concentration supplemented from inorganic Ca sources (Stein et al., 2011;
Zhang et al., 2016). The inconsistency between two the broiler chicken studies may be due to
the different range of dietary Ca concentration in these two experiments. A wider range of Ca
concentration was used in Anwar et al. ( 2015) from 1.91 to 8.73 g/kg, which may lead to a
larger variance of endogenous Ca losses contribution in the total flow of Ca in digesta, as well
as the AID values. Although no Ca effect was observed for AID of Ca, the low P-value still
showed that there is a risk that dietary Ca levels could affect their respective AID values for
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Ca and it is reasonable to speculate that there could be more variation for the AID of Ca values
in low-Ca ingredients. To maintain a constant total Ca:non-phytate P ratio across all diets, P
concentration was adjusted according to the Ca concentration. The observation that the AID of
Ca was not different across the diets also indicated that there may be no significant effects of
P concentration on the AID of Ca, when Ca and P concentration were below the requirements.

For P digestibility, the AID of P linearly increased as Ca and P concentration increased.
Similar with Ca digestibility, it is possible that by increasing the dietary P concentration, the
relative proportion of endogenous P losses to the total P flow was reduced, and the determined
apparent digestibility was increased. Besides, by adding inorganic P sources as Ca
concentration increased, the proportion of inorganic P increased from 59 to 72%. Due to a
higher P digestibility in inorganic sources compared with corn and corn gluten meal, the dietary
AID of P may be increased as well.

The determined endogenous losses of Ca in the current experiment was between 0.105 to
0.141 g/bird. By dividing DMI (kg/bird), the values of 0.19 to 0.26 g/kg DMI of endogenous
losses of Ca obtained in the present experiment were close to the values of 0.12 to 0.29 g/kg
DMI of endogenous losses of Ca reported by Anwar et al. (2015) using the regression method.
Anwar et al. (2016b) also determined the endogenous losses of Ca at 0.127 and 0.088 g/ kg
DMI, respectively, using Ca and P free diets, which is lower than that determined by the
regression method. Cellulose was only added into the Ca and P free diet in the first experiment
(Anwar et al., 2016a), which may partly explain the variance of the determined endogenous
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losses of Ca between two experiments. However, further research is needed to test whether the
fiber concentration or types will affect the Ca endogenous losses. In addition, the Ca- and Pfree diet was used in chickens in determining Ca endogenous losses, which is different from
the Ca-free diets used in pigs that had added P (González-Vega et al., 2015a; Merriman and
Stein, 2016). Considering the close relationship between Ca and P (Anwar et al., 2016a), it is
necessary to compare the endogenous losses of Ca determined by Ca and P-free diet and Cafree diet.

The predicted TID of Ca in limestone and DCP was not different from the determined TID
of Ca, which indicated that the values of TID of Ca are additive in a mixed diet. However, it is
necessary to point at some benefits from the experimental design. First, it is acknowledged that
calcium digestibility could be affected by Ca:P ratio and phytate. In the current study, the Ca
concentration with each Ca source, as well as the total Ca:non-phytate ratio across all the diets
were controlled to be similar, which may have supplied some benefits to the additivity results.
In addition, corn and corn gluten meal were fixed across diets, and two inorganic Ca sources,
with limited concentration of anti-nutritional factors, were applied in the current experiment to
test the additivity. As a result, the effects of the chemical composition, such as phytate, on
determined values were similar across 3 Ca source dietary treatments. Hence the additivity
observed may be restricted to limestone and DCP, or among the inorganic sources. When using
other feedstuffs, such as rapeseed meal, the additivity results might not be so straightforward
(Zhai and Adeola, 2013), which requires further investigation.
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4.6

Conclusion

In summary, the regression method was used to determine the TID of Ca for limestone and
DCP at 63.73 and 67.14%, respectively. The additivity tests imply that both TID and AID of
Ca are additive in a mixed diet.
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Table 4-1 Ingredient composition of experimental diets fed to broiler chickens from d 22 to 27 post hatching1
Limestone
Dietary Ca concentration, g/kg

3.3

4.3

Dicalcium phosphate
5.3

3.3

4.3

5.3

Mixed diet
3.3

4.3

5.3

2

Prepared as 1 g of chromic oxide added to 4 g of ground corn
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Ingredients, g/kg
Corn
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
Corn Gluten Meal
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0
300.0
Cornstarch
208.8
201.9
195.2
211.0
206.5
202.6
209.6
204.5
200.3
Sucrose
125.0
125.0
125.0
125.0
125.0
125.0
125.0
125.0
125.0
Dextrose
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
Soy oil
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
Limestone
8.7
11.6
14.3
0.0
0.0
0.0
5.2
6.8
8.4
Dicalcium phosphate
0.0
0.0
0.0
12.5
16.5
20.5
5.2
6.8
8.4
Potassium phosphate
10.5
14.5
18.5
0.0
0.5
0.9
7.0
9.9
10.9
Salt
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
1
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
Mineral-vitamin Premix
Potassium carbonate
0.0
0.0
0.0
4.5
4.5
4.0
1.0
0.0
0.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
Chromic oxide premix2
Analyzed composition, g/kg
DM
952
953
959
967
963
955
962
961
965
CP
173
176
177
169
173
165
176
170
166
Gross energy, kcal/kg
4,103
4,081
4,055
4,067
4,092
4,057
4,112
4,068
4,040
Ca
3.2
4.2
5.0
3.2
4.2
5.5
3.8
4.4
5.7
P
4.4
5.3
6.2
4.5
5.2
6.4
4.1
5.0
6.3
Calculated value
3.3
4.3
5.2
3.5
4.2
5.4
3.1
4.0
5.3
None-phytate P, g/kg
0.9
1.0
1.0
0.9
1.0
1.0
1.2
1.1
1.1
Total Ca:non-phytate P
1
Supplied the following per kilogram diet: vitamin A, 5,484 IU; vitamin D3, 2,643 IU; vitamin E, 11 IU; menadione sodium bisulfite, 4 mg; riboflavin, 5 mg;
D-pantothenic acid, 11 mg; niacin, 44 mg; choline chloride, 771 mg; vitamin B12, 13 μg; biotin, 55 μg; thiamine mononitrate, 2 mg; folic acid, 990 μg;
pyridoxine hydrochloride, 3 mg; I, 1 mg; Mn, 66 mg; Cu, 4 mg; Fe, 44 mg; Zn, 44 mg; Se, 300 μg.

Table 4-2 Dietary calcium (Ca) intake and apparent Ca utilization from broiler chickens fed experimental diets
Limestone
Item

Dicalcium phosphate

Mixture

3.3

4.3

5.3

3.3

4.3

5.3

3.3

4.3

5.3

8

8

8 (7)2

8

8

8

8 (7)2

8

8

BW gain, g/bird

56

65

68

50

64

63

55

71

69

Dry matter intake, g/bird

536

552

561

529

557

556

532

535

562

Number of observations

P-value

SD

Source×

L1

Q1

0.99

0.067

0.28

0.50

0.99

0.24

0.92

Source

Ca level

24.2

0.70

0.11

81.3

0.96

level

Ca intake, g/bird

1.78

2.44

2.95

1.75

2.41

3.21

2.12

2.43

3.30

0.36

0.10

<0.001

0.38

<0.001

0.33

Ileal Ca digested, g/bird

1.00

1.46

1.82

1.07

1.51

2.08

1.30

1.49

2.07

0.27

0.062

<0.001

0.46

<0.001

0.31

Ca retained, g/bird

1.01

1.73

2.00

1.06

1.38

2.06

1.33

1.38

2.19

0.40

0.54

<0.001

0.18

<0.001

0.27

AID of Ca, % 3

56.26

59.54

61.85

61.15

62.74

64.67

62.30

61.15

62.42

0.51

0.046

0.13

0.65

0.045

0.82

Ca retention, %

56.64

69.86

67.50

60.44

57.63

64.02

62.82

56.88

65.82

1.26

0.50

0.23

0.22

0.098

0.64

1

Linear (L) and quadratic (Q) response to Ca concentration.
Only 7 observations for ileal Ca digested, and ileal Ca digestibility; 8 observations for other items.
3
The AID of Ca in limestone was lower than that of dicalcium phosphate and mixed diet (P < 0.05)
2
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Table 4-3 Dietary phosphorus (P) intake and apparent P utilization from broiler chickens fed experimental diets
Limestone

Dicalcium phosphate

Mixed diet

P-value
SD

Item

Ca

Source×

level

level

0.32

<0.001

0.38

0.14

1.99

0.51

66.70

69.16

52.23

54.32

L1

Q1

0.90

<0.001

0.48

<0.001

0.94

<0.001

0.39

0.35

<0.001

0.64

<0.001

0.41

0.49

0.030

0.090

0.92

0.036

0.51

1.38

0.60

0.48

0.80

0.82

0.24

3.3

4.3

5.3

3.3

4.3

5.3

3.3

4.3

5.3

8

8

8 (7)2

8

8

8

8 (7)2

8

8

P intake, g/bird

2.48

3.08

3.64

2.46

3.03

3.75

2.27

2.79

3.66

0.44

Ileal P digested, g/bird

1.71

2.20

2.64

1.65

2.01

2.61

1.48

1.87

2.54

P retained, g/bird

1.38

1.96

1.98

1.32

1.83

1.91

1.23

1.45

Ileal P digestibility, % 3

68.85

71.19

72.50

67.03

66.10

69.51

65.86

P retention, %

56.01

62.08

54.53

52.80

59.85

51.46

54.27

Number of observations

1Linear
2Only

Source

(L) and quadratic (Q) response to Ca concentration.

7 observations for ileal P digested, and ileal P digestibility; 8 observations for other items.

3

The ileal P digestibility in limestone diets was greater than that of DCP and mixed diet (P = 0.02)
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Table 4-4 Linear relationship between ileal calcium (Ca) digested (g/bird) and dietary Ca intake (g/bird)
Item

Limestone

Dicalcium phosphate

Mixed diet

y = 0.6373x - 0.1051

y = 0.6714x - 0.1085

y = 0.6779x - 0.1405

SE of the slope

0.041

0.025

0.055

SE of the intercept

0.099

0.064

0.15

0.92

0.97

0.88

0.105

0.109

0.141

63.73

67.14

67.79

23

24

23

Regression equation

r2
1

Estimate of endogenous Ca loss, g/bird

2

Estimate of true ileal Ca digestibility, %
Number of observations

Determined true ileal digestibility of Ca in mixed diet, %

67.79

Predicted true ileal P digestibility of Ca in mixed diet, %3

65.13

1

The endogenous losses of Ca was 0.19, 0.20, and 0.26 g/kg DMI for limestone, dicalcium phosphate, and mixed diet, respectively by dividing the
average kg/bird DMI of each Ca source.
2
The estimates of true ileal digestibility of Ca compared using confidence interval were not different among limestone, dicalcium phosphate, and
mixed diet.
3
Predicted true ileal Ca digestibility was not significantly different from the determined (P = 0.63).
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TRUE DIGESTIBLE CALCIUM REQUIREMENT
FOR TEN- TO FORTY-KILOGRAM PIGS

5.1

Abstract

Two experiments were conducted to determine the true digestible Ca requirement of 10to 20-kg (Exp. 1) and 20- to 40-kg (Exp. 2) pigs by quadratic analysis of growth performance
data using 6 true digestible Ca levels, respectively. In each experiment, 72 barrows and 72 gilts
were fed the experimental diets for 3 weeks. Six concentrations of limestone were added to a
corn-soybean meal based diet to established 6 concentrations of true digestible Ca from 3.67
to 6.42 g/kg and 3.35 to 6.25 g/kg in Exp. 1 and Exp. 2, respectively. Dicalcium phosphate was
added to maintain a constant P level across all diets of each experiment. In Exp. 1, increasing
dietary Ca concentration resulted in a linear decrease in G:F during wk 1 (P = 0.024). Final
BW (P = 0.01) and overall ADG (P = 0.016) were quadratically improved (P = 0.02) as dietary
Ca concentration increased. No effect of dietary Ca concentration on other measurements was
observed. No sex effect or interaction between Ca concentration and sex were observed in Exp.
1. The true digestible Ca requirement was estimated to be 4.72 g/kg of diet for mix sex pigs
using quadratic analysis of ADG for wk 0 to 3 against 6 digestible Ca levels. In Exp. 2, final
BW was linearly increased (P = 0.01) as Ca concentration increased. The ADG and G:F in wk
0 to 3 increased quadratically (P = 0.038). In Exp.2, the true digestible Ca requirement was
estimated to be 3.96, 4.06, and 3.89 g/kg of diet for pigs of mixed sex, barrows, and gilts,
respectively, on the basis of ADG data for wk 0 to 3. In conclusion, the true total tract digestible
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Ca requirement was 4.72 g/kg of diet for 10- to 20-kg pigs, and 4.08 g/kg of diet for 20- to 40kg pigs.

Key words: calcium, pigs, requirement, true total tract digestibility

5.2

Introduction

In current version of ‘Nutrient Requirements of Swine’ (NRC, 2012), P requirement was
expressed as standardized total tract digestible P. However, requirement for Ca in diets was
still expressed on the basis of total Ca and calculated by multiplying requirement of digestible
P by 2.15, because of the lack of Ca digestibility information in feed ingredients. It is expected
that the diets formulated in the basis of digestible Ca and P to meet the requirement of these
minerals could maximize the utilization of minerals for different stages of pigs and minimize
the negative effects of excess Ca in diets. Hence, in the last few years, values for the Ca
digestibility in feed ingredients have been determined, and the digestible Ca requirements have
been reported (González-Vega et al., 2016a; Merriman et al., 2016; Zhang and Adeola, 2016).
Calcium requirement can be estimated by either factorial or empirical approaches.
Factorial technique is believed to have more benefits, which can be applied for various
production systems (Jongbloed and Everts, 1992; Weremko et al., 1997). Empirical
measurements use one or several criteria response, such as growth performance to determine
the nutrient requirement. Although empirical measurements is considered to be specific, and
has less potential apply to different environment (Jongbloed et al., 1991), it has been the most
commonly used to estimate nutrients requirements and is necessary to validate the factorial
approach (Weremko et al., 1997).
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In the Chapter. 3, the true total tract digestibility of limestone and dicalcium phosphate
were determined at 70.06 and 76.42%, respectively. Hence, in the current chapter, we
determined the true total tract digestible (TTTD) Ca requirement for 10- to 20-kg and 20- to
40-kg pigs using quadratic analysis.

5.3

Methods and materials

All animal procedures used in these studies were approved by the Purdue Animal Care and
Use Committee.
5.3.1

Animals and Diets

In both Exp. 1 and 2, a total of 72 barrows and 72 gilts were used in a randomized complete
block design using sex and BW as blocking factors. The initial BW were 10.0 ± 0.8 and 20.7
± 1.2 kg for Exp. 1 and 2, respectively. In both experiments, three pigs with same sex were
housed in each pen (1.85 by 1.32 by 0.85 m, and 3.52 by 2.31 by 0.97 m, respectively) equipped
with a nipple waterer, feeder, and a fully slatted concrete floor. Each experiment lasted for 3
wk. The pigs and feeders were weighed weekly to calculate ADG, ADFI, ad G:F.
In Exp. 1 and 2, six corn-soybean meal based diets were formulated to contain different
Ca concentration (Table 5-1 and Table 5-2). Corn, soybean meal, and dicalcium phosphate
were the same across the diets. Six concentration of limestone were added at the expense of
cornstarch to establish 6 Ca concentrations. The calculated true total tract digestible (TTTD)
Ca concentration of the diets were 3.67, 4.22, 4.77, 5.32, 5.87, and 6.42 g/kg for Exp.1 and
3.35, 3.93, 4.51, 5.09, 5.67, and 6.25 g/kg for Exp. 2. Values of TTTD Ca in each diet were
from the sum of TTTD Ca contents of Ca contributing ingredients, using the determined TTTD
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of Ca for limestone and DCP from Chapter 3, and apparent total tract digestibility of Ca for
corn and SBM from Bohlke et al. (Bohlke et al., 2005) and Zhang et al. (Zhang et al., 2016),
respectively.
5.3.2

Chemical analyses

All feed samples were digested in concentrated nitric acid and 70% perchloric acid (Fenton
and Fenton, 1979), and were analyzed for Ca using an atomic absorption spectrometer
(AAnalyst 300; Perkin Elmer, Norwalk, CT; method 985.01; AOAC 2006). Concentration of
P was determined by spectrophotometry (Spectra Count, model AS1000, Packard, Meriden,
CT; AOAC 2006) at 620 nm by addition of Fiske-Subbarow reducer solution and acid
molybdate.
5.3.3

Statistical Analyses

Pen served as the experimental unit for all statistical analyses. The growth performance
data were analyzed as a randomized complete block design using the general linear model
procedures of SAS (SAS Inst, Inc., Cary, NC). The following model was used for both Exp.
1and 2 as described by Zhai and Adeola (2013):
Yijkl = µ + αi + βj + γk + (αγ)ik + θijk + εijkl
where µ represents the overall mean, αi represents the effect of ith type of sex; βj represents the
effect of the jth level of BW block; γk represents the effect of the kth Ca concentration; (αγ)ik
represents the interaction between the ith type of sex and kth level of Ca concentration; θijk
represents initial BW as a covariate of the ith sex, jth block, and kth level of Ca concentration;
and εijkl represents the error term. The LSMEANS procedure was used to calculate mean values
for treatments. Linear and quadratic contrast were used to test the effect of Ca level. The
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digestible Ca requirement was estimated by the quadratic model, in which 95% of the upper
asymptotic value was applied (Baker, 1986; Lamberson and Firman, 2002).

5.4

Results

In Exp. 1, one gilt and 1 barrow fed 5.87 and 5.32 g/kg digestible Ca treatment died from
block 1 and 2, respectively. In Exp. 2, 1 gilt from 5.09 g/kg digestible Ca treatment, and 2
barrows from 6.25 g/kg digestible Ca treatment were removed from the experiment because of
the diarrhea.
The growth performance data of Exp. 1 are shown in Table 5-3. Dietary did not affect
ADG, ADFI, or G:F in each week, except the G:F in wk 2. For the overall 3-wk duration, final
BW (P = 0.01) and overall ADG (P = 0.016) were quadratically improved (P = 0.02) with
increase of dietary Ca concentration. However, no Ca concentration effect was observed for
ADFI or G:F for the overall 3-wk duration. Also no effect was observed for sex or the
interaction between sex and Ca concentration.
Similar to Exp.1, there was no effect of the interaction between sex and Ca concentration
for all the measurements. Hence, only the main effects of dietary Ca concentration and sex are
presented. Final BW was linearly decreased with increasing of Ca concentration (P = 0.01).
Average daily gain linearly decreased with increasing of dietary Ca concentration the wk 2 (P
= 0.02). For the overall experimental period, both ADG and G:F linearly increased as dietary
Ca concentration increased. Barrows had a higher final BW, ADG (P = 0.004) and ADFI (P =
0.014) from wk 0 to 3 compared with gilts (P = 0.01).
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Estimates of true digestible Ca requirements defined as the 95% upper asymptote (95%
quadratic maximum; Lamberson and Firman, 2002; Yi et al., 2006) are presented in Figure 51 for Exp. 1 and Figure 5-2, 5-3, and 5-4 for Exp. 2. In Exp. 1, because there was no sex effect,
the true digestible Ca requirement was estimated for a mixed gender at 4.72 g/kg of diet for
pigs using ADG of the overall experimental period as the response variable. Likewise, in Exp.
2, the true digestible Ca requirements were estimated to be 3.96, 4.06, and 3.89 g/kg of diet
using ADG of the overall period for pigs of mixed gender, barrows, and gilts, respectively. For
G:F, the estimated true digestible Ca requirement was 4.20, 4.19, and 4.20 g/kg of diet using
ADG of the overall period for pigs of mixed gender, barrows, and gilts, respectively.

5.5

Discussion

The TTTD of Ca in limestone and DCP were determined at 70.06 and 76.42%, respectively
from our pervious study using 20-kg pigs (Chapter 3). It is noteworthy that the ATTD of Ca in
corn and soybean meal were used for the calculation of dietary digestible Ca concentration,
because of the lack of TTTD data in these ingredient. However, because the majority (> 75%)
of Ca came from the limestone and dicalcium phosphate, it is expected that this has limited
influence on the final result
It was expected that the growth performance of the pigs would be improved, as the Ca
concentration increased from deficient up to the requirement level. However, in Exp. 1, the
effects was only observed for G:F in wk 3, final BW, and ADG from wk 0 to 3. No effect was
observed for other measurements. One possible reason is that the Ca concentration in the first
deficient diet was not low enough to achieve an expected response. However, in other two
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studies (González-Vega et al., 2016b; Merriman et al., 2016), a lower Ca concentration was
established, with failure to demonstrate a growth performance response for dietary Ca
concentration. A possible reason for these results is that the requirements for muscle growth
has higher priority over the requirement for skeletal tissues (NRC, 2012). Because the pigs
used in experiments were fed the Ca adequate diet before the trials, as a result, the skeletal
tissues work as a Ca pool which may deposit sufficient amount of Ca to deal with the Ca
deficiency during the experiment period. It is necessary to point out that a comparative short
experimental period were conducted for all the experiment (3 to 4 wks), a longer experimental
period may exhibit a growth response for Ca studies.

The results indicated that the gradual addition of limestone improved the growth performance,
but adding excess Ca could negatively affect the ADG, which is agreement with previous study
that the increasing dietary Ca concentration had a negative effect on growth performance of
25- to 50-kg(González-Vega et al., 2016b). Stein et al. (2011) reported that the excess Ca
concentration did not affect the Ca digestibility, but inhibited P digestibility in growing pigs
by formation of Ca-P complex. Hence, the inhibited growth performance may be due to the
reduced P digestibility when excess Ca level was exhibited in the gastrointestinal tract.
In the current experiment, we determined true digestible Ca requirement based on the
determined digestibility values of Ca-contributing ingredients. However, there are different
evaluation systems to estimate Ca requirements using different Ca availability values. It is
necessary to convert all the estimated Ca requirements to the same evaluation systems to
compare the values (Zhai and Adeola, 2015). The true digestible Ca requirement estimated in
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Exp. 1 was 4.72 g/kg of diet based on ADG for 10- to 20-kg pigs with mixed gender, which is
equivalent to a diet consists of corn, SBM, whey powder, limestone, and dicalcium phosphate
as Ca sources at the inclusion level of 599, 300, 40, 7.12, and 11.9 g.kg of diet, respectively.
Based on the measured Ca concentration and reported standardized total tract digestibility
(STTD) of Ca from different ingredients (González-Vega et al., 2015) in the equivalent diet,
the total and STTD P requirements were calculated to be 6.8 and 4.8 g/kg for 10- to 20-kg pigs,
respectively. For 20- to 40-kg pigs of mixed sex, the equivalent diet at the average Ca
requirement of 4.08 g/kg of diet consists of 694, 250, and 13 g/kg of corn, SBM, limestone,
and dicalcium phosphate, respectively. Follow the same calculation process, the calculated
total and STTD Ca requirement were 6.0 and 4.1 g/kg of diet for 20- to 40-kg pigs, respectively.
In comparison with total Ca requirement derived from current experiment at 6.8 and 6 g/kg for
10- to 20-kg and 20- to 40-kg pigs, the corresponding estimates of total Ca requirement
reported by NRC (2012), by multiplying 2.15 to the standardized total tract digestible P, were
7.0 and 6.6 g/kg of diet for 11- to 25-kg and 25- to 50-kg pigs, respectively. In comparison
with STTD Ca requirement derived from current experiment at 4.7 and 4.1 g/kg for 10- to 20kg and 20- to 40-kg pigs, the empirical studies conducted by González-Vega (2016a; 2016b)
reported the STTD Ca requirement were 4.5 and 3.6 g/kg of diet for 11- to 25-kg and 25- to
50-kg pigs, respectively.
In Exp. 1, no growth performance difference was observed between barrows and gilts.
However, in Exp. 2, barrows consumed more feed and gained faster than gilts during the overall
period, which is consistent with previous report (Wiseman et al., 2007b). It was reported that
the dietary Ca and P requirement may be slightly higher for gilts than for barrows when
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expressed as a percentage of the diet (Kornegay and Thomas, 1981). However, the estimated
digestible Ca values in the current experiment did not show the same pattern. This may be
because the major difference of growth performance patterns diverged between barrows and
gilts in a larger BW (Wiseman et al., 2007a).
The preferred ratio between Ca and P should be on a digestible basis. In NRC (2012), the
suggested total Ca to total P ratio was between 1:1 to 1.25:1. González-Vega et al. (2016a)
reported an approximate ratio between Ca and P on a digestible basis at 1.35:1 for 11- to 25kg pigs to maximize growth performance. In addition, González-Vega et al. (2016b) also
reported a digestible Ca:digestible P ratio between 1.16:1 and 1.43:1 is needed to maximize
ADG and G:F for 25- to 50-kg pigs. In the current experiment, the digestible Ca:P ratio ranged
from 1.13 to 1.89 and from 1.03 to 1.92 for Exp.1 and Exp.2, respectively. The estimates true
digestible Ca requirement were estimated at a digestible ratio of 1.40 and 1.24 in Exp. 1 and
Exp. 2, respectively.

5.6

Conclusion

In summary, the true digestible Ca requirement was estimated to be 4.72 g/kg of diet for
10- to 20-kg pigs of mixed gender using ADG as the response variable. The true digestible Ca
requirement was estimated to be 3.96, 4.06, and 3.89 g/kg of diet for mixed gender, barrows,
gilts of 20- to 40-kg pigs, respectively using ADG. By using G:F, the true digestible Ca
requirement was estimated to be 4.20, 4.19, and 4.20 g/kg of diet for mixed gender, barrows,
and gilts of 20- to 40-kg pigs, respectively.

114
5.7

References

Bohlke, R., R. Thaler, and H. H. Stein. 2005. Calcium, phosphorus, and amino acid
digestibility in low-phytate corn, normal corn, and soybean meal by growing pigs. J.
Anim. Sci. 83:2396-2403.
González-Vega, J., Y. Liu, J. McCann, C. Walk, J. Loor, and H. H. Stein. 2016a.
Requirement for digestible calcium by eleven-to twenty-five–kilogram pigs as
determined by growth performance, bone ash concentration, calcium and phosphorus
balances, and expression of genes involved in transport of calcium in intestinal and
kidney cells. J. Anim. Sci. 94:3321-3334.
González-Vega, J., C. Walk, M. Murphy, and H. H. Stein. 2016b. Requirement for digestible
calcium by 25 to 50 kg pigs at different dietary concentrations of phosphorus as
indicated by growth performance, bone ash concentration, and calcium and
phosphorus balances. J. Anim. Sci. 94:5272-5285.
González-Vega, J., C. Walk, and H. H. Stein. 2015. Effects of microbial phytase on apparent
and standardized total tract digestibility of calcium in calcium supplements fed to
growing pigs. J. Anim. Sci. 93:2255-2264.
Jongbloed, A. W., H. Everts, and P. A. Kemme. 1991. Phosphorus availability and
requirements in pigs. Pages 65–80 in Recent Advances in Animal Nutrition. E. R.
Heinemann, ed. Butterworth, London, UK
Jongbloed, A. W., and H. Everts. 1992. Apparent digestible phosphorus in the feeding of pigs
in relation to availability, requirement and environment. 2. The requirement of
digestible phosphorus for piglets, growing-finishing pigs and breeding sows. Neth. J.
Agric. Sci. 40:123−136.
Kornegay, E., and H. Thomas. 1981. Phosphorus in swine. II. Influence of dietary calcium
and phosphorus levels and growth rate on serum minerals, soundness scores and bone
development in barrows, gilts and boars. J. Anim. Sci. 52, 1049-1059.
Lamberson, W., Firman, J., 2002. A comparison of quadratic versus segmented regression
procedures for estimating nutrient requirements. Poult Sci. 81, 481-484.

115
Merriman, L. A., C. L. Walk, C. M. Parsons, and H. H. Stein. 2016. Digestible calcium
requirement for 100 to 130 kg pigs. J. Anim. Sci. 94(E-Suppl. 5):458 (Abstr.)
Stein, H.H., O. Adeola, G. Cromwell, S. Kim, D. Mahan, and P. Miller. 2011. Concentration
of dietary calcium supplied by calcium carbonate does not affect the apparent total
tract digestibility of calcium, but decreases digestibility of phosphorus by growing
pigs. J. Anim. Sci. 89:2139-2144.
Weremko, D., Fandrejewski, H., Zebrowska, T., Han, I.K., Kim, J., Cho, W., 1997.
Bioavailability of phosphorus in feeds of plant origin for pigs. Asian-Aust. J. Anim.
Sci. 10:551-566.
Wiseman, T., D. Mahan, S. Moeller, J. Peters, N. Fastinger, S. Ching, Y. Kim. 2007a.
Phenotypic measurements and various indices of lean and fat tissue development in
barrows and gilts of two genetic lines from twenty to one hundred twenty-five
kilograms of body weight. J. Anim. Sci. 85:1816-1824.
Wiseman, T., D. Mahan, J. Peters, N. Fastinger, S. Ching, and Y. Kim. 2007b. Tissue weights
and body composition of two genetic lines of barrows and gilts from twenty to one
hundred twenty-five kilograms of body weight. J. Anim. Sci. 85:1825-1835.
Yi, G., A. Gaines, B. Ratliff, P. Srichana, G. Allee, K. Perryman, and C. Knight. 2006.
Estimation of the true ileal digestible lysine and sulfur amino acid requirement and
comparison of the bioefficacy of 2-hydroxy-4-(methylthio) butanoic acid andmethionine in eleven-to twenty-six-kilogram nursery pigs. J. Anim. Sci. 84:17091721.
Zhai, H., and O. Adeola. 2013. True digestible phosphorus requirement for twenty-to fortykilogram pigs. J. Anim. Sci. 91:5307-5313.
Zhai, H., and O. Adeola. 2015. True digestible phosphorus requirement for forty-to eightykilogram pigs. J. Anim. Sci. 93:5711-5717.
Zhang, F., D. Ragland, and O. Adeola. 2016. Comparison of apparent ileal and total tract
digestibility of calcium in calcium sources for pigs. Can. J. Anim. Sci. 96:563-569.

116
Table 5-1Ingredient composition of the experimental diets for Exp. 1, g/kg (as-fed basis)
Digestible Ca, g/kg
Item

3.67

4.22

4.77

5.32

5.87

6.42

Corn

599.0

599.0

599.0

599.0

599.0

599.0

Soybean meal, 48% CP

300.0

300.0

300.0

300.0

300.0

300.0

Whey powder

40.0

40.0

40.0

40.0

40.0

40.0

Cornstarch

11.3

9.1

6.9

4.7

2.5

0.3

Soybean oil

22.0

22.0

22.0

22.0

22.0

22.0

Limestone

2.3

4.5

6.7

8.9

11.1

13.3

Dicalcium phosphate

11.9

11.9

11.9

11.9

11.9

11.9

Salt

4.0

4.0

4.0

4.0

4.0

4.0

L-Lysine

3.8

3.8

3.8

3.8

3.8

3.8

DL-Methionine

1.5

1.5

1.5

1.5

1.5

1.5

Ingredient

L-Threonine

1.2

1.2

1.2

1.2

1.2

1.2

1

Vitamin premix

1.5

1.5

1.5

1.5

1.5

1.5

2

Mineral premix

1.0

1.0

1.0

1.0

1.0

1.0

Selenium premix3

0.5

0.5

0.5

0.5

0.5

0.5

Total

1000.0

1000.0

1000.0

1000.0

1000.0

1000.0

203

203

203

203

203

203

3,392

3,383

3,375

3,366

3,357

3,348

Ca

5.55

6.07

6.67

7.15

8.43

9.04

P

6.09

6.15

6.36

6.1

6.32

6.06

Calculated nutrient and
energy
CP
ME, kcal/kg
Analyzed nutrient

1

Vitamin premix supplied per kilogram of diet: vitamin A, 2423 IU; vitamin D3, 242 IU; vitamin E,
17.6 IU; vitamin K activity, 2.4 mg; menadione, 804 μg; vitamin B12, 14.1 μg; riboflavin, 2.8 mg; Dpantothenic acid, 9 mg; niacin, 13 mg.
2

Mineral premix supplied per kilogram of diet: Cu (as copper sulfate), 9 mg; I (as calcium
iodate), 0.34 mg; Fe (as ferrous sulfate), 97 mg; Mn (as manganese oxide), 12 mg; Zn (as zinc
oxide), 97 mg.
3
Supplied 300 μg of Se /kg of diet.
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Table 5-2 Ingredient composition of the experimental diets for Exp. 2, g/kg (as-fed basis)
Digestible Ca, g/kg
Item

3.35

3.93

4.51

5.09

5.67

6.25

Corn

694.0

694.0

694.0

694.0

694.0

694.0

Soybean meal, 48%

250.0

250.0

250.0

250.0

250.0

250.0

Cornstarch

11.7

9.4

7.1

4.8

2.5

0.2

Soybean oil

20.0

20.0

20.0

20.0

20.0

20.0

Limestone

1.5

3.8

6.1

8.4

10.7

13.0

Dicalcium phosphate

13.0

13.0

13.0

13.0

13.0

13.0

Salt

3.3

3.3

3.3

3.3

3.3

3.3

L-Lysine

2.5

2.5

2.5

2.5

2.5

2.5

DL-Methionine

0.5

0.5

0.5

0.5

0.5

0.5

L-Threonine

0.5

0.5

0.5

0.5

0.5

0.5

Vitamin premix

1.5

1.5

1.5

1.5

1.5

1.5

Mineral premix

1.0

1.0

1.0

1.0

1.0

1.0

Selenium premix

0.5

0.5

0.5

0.5

0.5

0.5

Total

1000.0

1000.0

1000.0

1000.0

1000.0

1000.0

CP

180

180

180

180

180

180

ME, kcal/kg

3,398

3,389

3,379

3,370

3,361

3,352

Ca

4.32

5.50

6.39

7.39

8.62

9.32

P

5.75

6.17

5.63

6.15

5.64

5.71

Ingredient

Calculated nutrient and
energy

Analyzed nutrient

1

Vitamin premix supplied per kilogram of diet: vitamin A, 2423 IU; vitamin D3, 242 IU; vitamin E,
17.6 IU; vitamin K activity, 2.4 mg; menadione, 804 μg; vitamin B12, 14.1 μg; riboflavin, 2.8 mg; Dpantothenic acid, 9 mg; niacin, 13 mg.
2
Mineral premix supplied per kilogram of diet: Cu (as copper sulfate), 9 mg; I (as calcium iodate),
0.34 mg; Fe (as ferrous sulfate), 97 mg; Mn (as manganese oxide), 12 mg; Zn (as zinc oxide), 97 mg.
3

Supplied 300 μg of Se /kg of diet.

Table 5-3 Growth performance of pigs in Exp. 11
Digestible Ca level, g/kg

P-value

3.67

4.22

4.77

5.32

5.87

6.42

8

8

8

8

8

8

Initial BW, kg

9.9

9.9

10.0

9.9

10.0

10.0

Final BW. kg

19.7

20.2

20.6

20.4

19.9

19.8

ADG, g/d

356

389

359

339

319

ADFI, g/d

601

615

614

651

G:F, g/kg

601

635

605

ADG, g/d

428

429

ADFI, g/d

758

G:F, g/kg

SEM

Linear

Quadratic

0.24

0.71

0.01

325

26

0.14

0.70

657

603

40

0.60

0.40

541

485

534

43

0.024

0.94

466

484

448

427

39

0.83

0.26

766

783

677

672

769

80

0.63

0.63

580

588

596

555

482

563

58

0.37

0.93

ADG, g/d

613

650

689

651

644

658

36

0.58

0.38

ADFI, g/d

1145

1158

1145

1050

1110

1279

137

0.71

0.40

G:F, g/kg

548

569

603

493

488

605

71

0.91

0.62

ADG, g/d

466

489

505

491

470

470

11

0.63

0.016

ADFI, g/d

836

846

846

760

791

883

77

0.98

0.45

G:F, g/kg

566

584

599

508

467

556

51

0.26

0.78

2

Number of pens

wk 1

wk 2

wk 3

wk 0 to 3

Effects of sex and interaction between treatment and sex were not significant.

2

Each pen has 3 pigs.
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Table 5-4 Growth performance of pigs in Exp. 21
Digestible Ca level, g/kg

Sex

3.35

3.93

4.51

5.09

5.67

6.25

Barrows

Gilts

No of pens

8

8

8

8

8

8

24

24

Initial BW, kg

20.7

20.6

20.7

20.7

20.7

20.7

20.7

20.7

Final BW. kg

36.9

37.3

37.4

36.8

36.3

36.2

37.2

36.5

ADG, g/d

568

574

591

573

553

544

567

ADFI, g/d

1312

1240

1235

1290

1259

1243

G:F, g/kg

441

462

480

453

438

ADG, g/d

855

902

853

805

ADFI, g/d

1568

1666

1571

G:F, g/kg

545

550

ADG, g/d

897

ADFI, g/d

1826

SEM

P-values

Linear

Quadratic

Sex

0.35

0.01

0.08

0.010

567

32

0.45

0.48

0.45

1294

1232

52

0.58

0.69

0.58

445

440

465

30

0.71

0.47

0.71

789

771

857

801

40

0.02

0.60
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Figure 5-1 Digestible Ca requirement (± SE) for pigs of mixed gender using quadratic analysis of
ADG data of the overall 3-wk duration in Exp. 1 (as-fed basis, n = 8 for each least square means)
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Figure 5-2 Digestible Ca requirement (± SE) for pigs of mixed gender using quadratic analysis of
ADG and G:F data of the overall 3-wk duration in Exp. 2 (as-fed basis, n = 8 for each least
square means)
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Figure 5-3 Digestible Ca requirement (± SE) for pigs of barrows using quadratic analysis of
ADG and G:F data of the overall 3-wk duration in Exp. 2 (as-fed basis, n = 8 for each least
square means)
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Figure 5-4 Digestible Ca requirement (± SE) for pigs of gilts using Quadratic analysis of ADG
and G:F data of the overall 3-wk duration in Exp. 2 (as-fed basis, n = 8 for each quadratic model)
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SUMMARY
Diets with energy and nutrients at or close to requirements of animals could allow the most
cost-efficient production. Calcium requirements have been historically expressed on a total Ca
basis historically because of lack of Ca digestibility data. However, using total Ca recommendation
to formulate the diet usually need a greater safety margin, and the excess Ca could decrease the
digestibility of other minerals and increase the minerals excretion. It is believed that the
requirements expressed on the digestible basis are more accurate (NRC, 2012). Therefore,
information of Ca digestibility in feed ingredients should be determined to move forward. To
estimate Ca digestibility in different feed ingredients, a few questions that require answers include:
whether we should determine ileal digestibility or total tract digestibility and whether it is
necessary to correct endogenous Ca losses for apparent digestibility. Hence, in this research, a
series of studies were designed to answer these questions and determine the digestible Ca
requirements of pigs.
In chapter 1, the functions, homeostasis, absorption, and digestion of Ca were reviewed.
This was followed by an introduction of methodology of the determination of Ca digestibility and
the endogenous losses of Ca in growing pigs and broiler chickens, and comparison between
different evaluation systems for Ca availability. In the last section, the approaches of estimating
Ca requirement were introduced, with the recent data presented.
In chapter 2, two experiments were conducted to answer the question that whether should
determine ileal or total tract digestibility. In Exp. 1, three semi-purified diets with soybean meal,
canola meal or sunflower meal as the sole source of Ca were formulated. Eighteen cannulated pigs
(initial BW = 66 ± 5 kg) were assigned in a randomized complete block design to 3 treatments and
6 replicates per treatment. Results indicated that for either Ca or P, the apparent total tract
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digestibility (ATTD) was not different from apparent ileal digestibility (AID) in three diets. In Exp.
2, diets with four Ca concentrations were formulated with calcium carbonate as the Ca source.
Sixteen cannulated pigs (initial BW = 73 ± 4 kg) were assigned in a randomized complete block
design to 4 treatments in 2 experimental periods. The results indicated that the net absorption or
excretion in large intestine was negligible, both AID and ATTD can be used to describe the
digestibility of Ca for growing-finishing pigs.
In chapter 3, studies were conducted to answer whether ATTD or TTTD should be used to
estimate Ca digestibility in pigs. Two experiments were conducted to determine the ATTD and
TTTD of limestone and dicalcium phosphate (DCP), and their additivity in a mixed semi-purified
diet for pigs. In Exp. 1, forty eight barrows with an average initial BW of 19.2 ± 1.1 kg were
assigned to 1 of 6 dietary treatments in a 2 × 3 factorial arrangement of two Ca sources, including
limestone or DCP, with three dietary Ca concentrations each. The results indicated that the
increased dietary Ca concentration linearly increased Ca intake, digested and retained, but did not
affect the ATTD of Ca using limestone and DCP as Ca sources. In Exp. 2, seventy-two barrows
with an average initial BW of 20.8 ± 1.3 kg were assigned to 1 of 9 dietary treatments in a 3 × 3
factorial arrangement of three Ca sources, including limestone, DCP, or their mixed diet at a ratio
of 1:1; and three dietary Ca concentration. The results indicated that the average ATTD of Ca were
66.46, 70.34, and 69.32% for limestone, DCP, and their mixed diet, respectively. By regressing
daily digested Ca against daily Ca intake, the TTTD of Ca was determined to be 70.06, 76.42, and
73.72% for limestone, DCP, and their mixed diet, respectively. The endogenous losses of was
estimated to be between 0.217 to 0.321 g/kg DM intake. The predicted TTTD for Ca in the mixed
diet of limestone and DCP was calculated to be 72.67% based upon the Ca contribution coefficient
of 0.59 for limestone and 0.41 for DCP. The predicted Ca TTTD (72.67%) in the mixed diet was
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not statistically different from the determined Ca TTTD (73.72%). Affecting by endogenous losses
of Ca, ATTD of Ca was affected by the Ca concentration, and may not be additive. By correcting
the endogenous losses, TTTD of Ca were approved to be additive in mixture diets.
Because it is difficult to separate the feces and urine from the excreta in chickens, ileal
digestibility is measured to express digestibility of nutrients. Hence, chapter 4 compared the
apparent and true ileal digestibility of Ca in broiler chickens. A total of 504 birds were grouped in
a 3 × 3 factorial arrangement of 3 Ca sources including limestone, DCP, and their mixed diet at a
ratio of 1:1, and 3 dietary Ca concentration. The results showed that by regressing digested Ca per
bird against Ca intake per bird, the TID of Ca was determined at 63.73, 67.14, and 67.79% for
limestone, DCP, and their combination in a mixed diet, respectively. The estimated ileal
endogenous losses of Ca ranged from 0.19 to 0.26 g/kg DMI in broilers chickens. The expected
TID for Ca in limestone and DCP in the mixed diet was predicted to be 65.13% based upon the Ca
contribution coefficient calculated to be 0.59 for limestone and 0.41 for DCP. The predicted TID
of Ca (65.13%) in the mixed diet was not statistically different from the determined TID of Ca
(67.79%). In conclusion, the TID of Ca in limestone and DCP are also additive in semi-purified
diets for broiler chickens.
In Chapter 5, two experiments were conducted to estimate the TTTD Ca requirement of
10- to 20-kg and 20- to 40-kg pigs using quadratic analysis of growth performance data. In each
experiment, the Ca TTTD determined for limestone and DCP in chapter 3 was used to formulate
6 diet on a digestible Ca concentration basis, respectively. The results of Exp.1 showed that with
the increase of dietary Ca concentration, there was a trend that overall ADG were quadratically
improved. There was no effect of dietary Ca concentration on other measurements. The true
digestible Ca requirement was estimated to be 4.72 g/kg of diet for pigs of mixed sex using
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quadratic analysis of ADG for wk 0 to 3 against 6 digestible Ca levels. In Exp. 2, final body weight
was linearly increased with graded increase in Ca concentration. The ADG and G:F in wk 0 to 3
was increased both linearly and quadratically. In conclusion, the true total tract digestible Ca
requirement was 4.72 g/kg of diet for 10- to 20-kg pigs, and 4.08 g/kg of diet for 20- to 40-kg pigs.
In conclusion, total tract digestibility was used to determine values of digestibility of Ca
for pigs in current research because it is less tedious and less expensive. True digestibility of Ca
and endogenous losses of Ca were estimated for both pigs and chickens using regression method.
Considering that true digestibility has shown to be more additive, true digestibility is
recommended for expressing Ca digestibility as well as the Ca requirement. Further study is
needed to investigate how the dietary composition and basal diet could affect the Ca digestibility.
In addition, the effects of Ca-free diet composition on Ca digestibility should be further studied,
and it is necessary to compare the endogenous losses and Ca determined by regression method and
Ca-free diet. Digestible Ca requirements are also needed Because of the relative short experimental
period in Ca requirement study, future research are required to verify the Ca requirement derived
in current study from weaning to finishing experiment.
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